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ELECTROPHORETIC AND ENZYMATIC IDENTIFICATION OF PROTEINS 
ASSOCIATED WITH THE DEVELOPMENT OF COMPETENCE IN BACILLUS SUBTIL IS
by
Susan A. Cough I In 
U n iv e rs i t y  o f  New Hampshire, September, 1983
A two-dimensional zymogram procedure f o r  the ana lys is  o f  nucleases 
Is described. Using p u r i f i e d  deoxyribonuclease I (bovine pancreas), as 
l i t t l e  as 10 pg o f  nuclease can be detected.  I s o e le c t r i c  focusing (IEF) 
and no n -equ l l lb r lum  pH g rad ie n t  e lec t ropho res is  (NEPHGE) were compared 
as f i r s t  d im e n s io n s ,  In c o m b in a t io n  w i t h  SDS e l e c t r o p h o r e s i s  as th e  
second d im e n s io n ,  In a n a ly z in g  nuc leases  In l y s a te s  o f  BacI I I us sub­
t l  I I s . A l l  rena tu rab le  nuclease a c t i v i t i e s  detected f o l lo w in g  SDS e lec ­
t r o p h o r e s i s  a lone  were re s o lv e d  In NEPHGE-SDS e l e c t r o p h o r e s i s  g e ls  
whereas, In IEF-SDS ge ls ,  most were e i t h e r  a t  the basic end or  were not 
p re s e n t  In th e  second d im e n s io n a l  g e l .  T h is  method o f  a n a l y s i s  has 
revealed a com p lex i ty  In nuclease species In EL. subt i  l Is not p rev ious ly  
recognized.
E igh ty - th ree  d is c re te  nuclease a c t i v i t i e s  have been detected In B*. 
s u b t l I  Is lysates. These nucleases have been charac te r ized  w i th  respect  
t o  monomeric m o le c u la r  w e ig h ts ,  c a t f o n - a c t I v a t l o n  r e q u I r e m e n ts ,  and 
p re fe r e n c e  f o r  s i n g l e  o r  doub le  s t ra nd e d  s u b s t r a t e .  S u b s t r a te  and 
c a t i o n  a n a l y s i s  r e v e a l s  a minimum o f  16 c la s s e s  o f  a c t i v i t i e s .  The 
nuc leases I d e n t i f i e d  In t h i s  s tud y  a re  compared t o  th o se  p r e v i o u s l y
reported In f k  s u b t l I  Is .
The t o t a l  p ro te in  composi t ion and nuclease composi t ion o f  c e l l u l a r  
l y s a te s  f rom  co m pe te n t  and non -com pe ten t  B. s u b t l  I Is  s t r a i n  SB25 and 
several t r a n s fo rm a t io n -d e fe c t i v e  mutants o f  SB25 has been examined by 
t w o - d im e n s io n a l  e l e c t r o p h o r e t f c  and zymogram a n a l y s i s .  T h i r t y - s i x  
c o m p e te n c e -a s s o c ia te d  p o l y p e p t i d e s  have been I d e n t i f i e d .  Nuclease 
ana lys is  has revealed t h a t  the development o f  competence Is accompanied 
by th e  I n d u c t io n  o f  4 nuc leases  and th e  s u p p re s s io n  o f  6 nuc leases .  
Three o f  t h e  c o m p e te n c e -a s s o c ia te d  nuc leases  (monomeric MW; 17,500,
18.000, and 18,500) are p r im a r i l y  ac t iva ted  by Mn^+ and are most a c t iv e  
on dena tu red  DNA. The f o u r t h  (monomeric MW; 17,000) Is  a l s o  Mn^+-  
a c t l v a t e d  b u t  Is  d i s t i n g u i s h e d  by I t s  p r e fe r e n c e  f o r  n a t i v e  DNA. The 
nuclease a c t i v i t i e s  which are reduced In competent c e l l s  are a l l  p r l -
Ox
marl Iy  Mn^ - a c t i v a te d .  Three o f  these nucleases (monomeric MW; 18,000,
21.000,  and 24,000) show equal  a c t i v i t y  on n a t i v e  and dena tu red  DNA. 
The remaining th ree  (monomeric MW; 17,000, 18,500, and 19,250), show a 
preference f o r  n a t ive  DNA.
T ra ns fo rm a t ion -de fec t ive  mutants have been Id e n t i f i e d  which have a 
reduced level o f  the 17,000 MW com p e te n c e -a s s o c ia te d  nu c lease .  These 
mutants are d e f i c i e n t  In uptake and the a b i l i t y  t o  In a c t iv a te  exogenous 
DNA. In a d d i t i o n  t o  th e  su p p re s s io n  o f  th e  17,000 MW nu c lease ,  these  
mutan ts  f a l l  t o  Induce a la rg e  number o f  a d d i t i o n a l  com petence -  
associated p o lypep t ides .
I .  TWO DIMENSIONAL ZYMOGRAM ANALYSJS QF NUCLEASES. 1M BACILLUS .SUBTILIS
J ntJ.Q<LUg±I..QJl
A number o f  methods have been r e p o r te d  f o r  th e  s e p a r a t i o n  and 
ana lys is  o f  nucleases f o l l o w in g  e le c t ropho res is  in po lyacry lam ide gels  
c o n t a i n i n g  h igh  m o le c u la r  w e ig h t  DNA o r  RNA (1 -9 ) .  The r e s o l u t i o n  
obtained w i th  these procedures Is not  g re a t  enough t o  com ple te ly  analyze 
a complex m ix tu re  o f  nucleases. Very a c t iv e  enzymes o f ten  obscure minor 
a c t i v i t i e s .  In a d d i t io n ,  enzymes which d i f f e r  on ly  s l i g h t l y  In charge 
o r  m o le c u la r  w e ig h t  may be I n d i s t i n g u i s h a b l e .  Im p rov ing  r e s o l u t i o n  
assumes Importance s ince these are p re c is e ly  the k inds o f  d i f fe re n ces  
one expects to  f in d  In analyz ing a l te red  forms o f  enzymes r e s u l t i n g  from 
e i t h e r  p o s t - t r a n s la t lo n a l  m o d i f i c a t i o n ,  p a r t i a l  d e g r a d a t io n ,  o r  muta­
t i o n a l  changes.
We have combined th e  r e s o l u t i o n  a f f o r d e d  by th e  tw o  d im e n s io n a l  
p rocedures  o f  O’ F a r r e I I  (1 0) and O 'Far re I  I §±  aJ_. (11) w i t h  th e  sens I -  
t i v e  method f o r  nuclease de tec t ion  described by Rosenthal and Lacks (5). 
The nuclease de tec t ion  method o f  Rosenthal and Lacks (5) depends on the 
r e n a tu r a b I  I I t y  o f  nuc leases  f o l l o w i n g  e le c t r o p h o r e s is  In the SDS-gel 
d im ens ion  and t h e i r  abI I i t y  t o  then  h y d r o ly z e  n u c l e i c  a c id  wh ich  has 
been trapped In the ge l .  Among the substra tes  t h a t  have been success­
f u l l y  used to  de tec t  nucleases are, na t ive  and denatured DNA and r t b o -  
somal RNA. DNA h y d r o l y s i s  Is d e te c te d  by th e  loss  o f  f l u o re s c e n c e  o f  
the DNA-ethidlum bromide I n te r c a la t i o n  complex (1,3). Both the d is ru p ­
t i o n  o f  DNA secondary  s t r u c t u r e  due t o  e x t e n s i v e  h y d r o l y s i s ,  and d i f ­
1
2fus ion o f  fragmented DNA from the gel during Incubation under h y d r o ly t i c  
cond i t ion s  lead t o  reduct ion  In f luorescence. I t  Is poss ib le  to  de te r ­
mine subs t ra te  s p e c i f i c i t i e s ,  Ion a c t i v a t i o n  and c o - fa c to r  requirements , 
pH optima, and response t o  I n h ib i t o r s  (5,12) o f  the renatured nucleases.
M a te r ia ls  a M  Methods
Ampholytes were purchased from LKB; urea, enzyme grade aery I amide, 
N,Nf-m e thy  I ene b I s a c ry  I am I de, N,N,N’ ,Nl- te t ram ethy le thy lened Iam Ine  and 
ammonium p e rs u l fa te  from Eastman-Kodak; e l e c t r o p h o r e s i s  g rade sodium 
dodecyl s u l f a t e  (SDS) from BJoRad; lysozyme (L-6876), deoxyribonuclease 
I (DN-CL grade), c a l f  thymus DNA (D-1501), phenyl methy lsu I fony I  f l u o r i d e  
(PMSF), 1,10-phenanthro l Ine, and N-ethy lmale!mIde from Sigma; r lbonuc -  
lease A (5679) f rom  W o r th in g to n ;  N o n - ld e t  P-40 (NP-40) f rom  Bethesda 
Research Labora to r ies ;  C^CTJ-labeled L-amlno ac id m ix tu re  (NEC-445) from 
New England Nuclear.
Prepara tion o f  DNA
SP82 b a c te r io p h a g e  DNA was p repa red  as d e s c r ib e d  (13,14) f rom  
p u r i f i e d  phage Iso la ted  by c e n t r i f u g a t i o n  I n t o  p re fo rm ed  g r a d i e n t s  o f  
cesium c h lo r id e .  Ca l f  thymus DNA, 2 mg/ml In 15mM NaCI 0.15mM sodium 
c i t r a t e  (0.1 x SSC) and 1# SDS was shaken ove rn igh t  a t  room temperature. 
The s o lu t io n  was ex t rac ted  w i th  an equal volume o f  ch lo ro fo rm :  Isoamyl 
alcohol 20:1 (v /v )  and cen t r i fuged  (10,000xg f o r  15 minutes). The upper 
v is c o u s  l a y e r  was removed and an equal volume o f  f I I t e r e d  95# e than o l  
was o ve r  la y e re d .  The DNA was wound o n to  a g la s s  ro d ,  t r a n s f e r r e d  t o  
0.1x SSC. DNA prepara t ions were d la lyzed aga ins t  3 changes o f  10 vol o f  
0.25x lo w e r  gel b u f f e r .  DNA was dena tu red  by b o i l i n g  f o r  1 0 m !n  and 
chI I Ied rap id  Iy.
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B. s u b t l I  1s s t r a i n  SB25 was made com pe ten t  by th e  method o f  
Sptzlzen (15) as modif ied by Kohn and Green (16). In c e l l  prepara t ions 
wh ich  were t o  be r a d l o l s o t o p l e a l l y  l a b e le d ,  c a se in  h y d r o l y s a t e  was 
o m i t t e d  f rom both  s tages  o f  g ro w th  and a m ix t u r e  o f  1 abe I ed L-
amfno a c id s  was added t o  a f i n a l  c o n c e n t r a t i o n  o f  10jmC I /  m I d u r in g  th e  
f i n a l  60 mln o f  th e  second s tage  o f  g r o w th .  T y p ic a l  l y ,  th e  volume o f  
r a d l o l s o t o p l e a  I ly  lab e le d  p r e p a r a t i o n  was 10 ml.  Cel Is were concen­
t ra te d  by c e n t r i f u g a t io n  and resuspended In 0.01 vol o f  0.01 M Tr ls -HCI,  
pH 7.4, 1 mM d I sod I urn EDTA, 1 mM 1,10-phenanthrol Ine, 5 mM N-ethy Im a le l -  
mlde, 250 ng/ml PMSF and subjected t o  5 cyc les  of  f reez ing  and thawing 
In a d ry  Ice and ace tone ba th .  The ce l  Is were then t r e a t e d  w i t h  I y so -  
zyme a t  10 mg/ml and RNase a t  50 ng/ml f o r  15 mln a t  37° fo l lowed by an 
a d d i t i o n a l  5 mln In c u b a t io n  In th e  p resence o f  2$ (w /v )  NP-40. Sol Id 
urea was added t o  9 M a t  room temperature ( t h i s  Is accompanied by a 1.7x 
Increase In volume). A f te r  the urea was d isso lved ,  an equal volume o f
9.5 M urea c o n t a i n i n g  2% (w /v )  NP-40, 5$ 2 -m e rc a p to e th a n o 1 , 2% (w /v )  
am pho ly tes  (1.6$ pH 5 -7 ,  0.4$ pH 3 .5-10) was added. The l y s a te s  were 
maintained a t  -80° u n t i l  use.
I sol el e c t r l c  Focusing and. Non-equJ 11 br I urn nM g r a d ie n t  El 9CtH?phQI~es.l.S
The p rocedures  o f  O 'F a r r e l I  were used f o r  I s o e l e c t r i c  fo c u s in g  
(IEF) (10) and non-equ11Ibrlum pH g ra d ie n t  e lec t ropho res is  (NEPHGE) (11) 
w i th  the exception t h a t  ge ls  were not p re -run .  The ampholyte composi­
t i o n  was 1.6$ pH 5-7 and 0.4$ pH 3.5 -10 f o r  IEF. IEF g e ls  were run f o r  
15 h a t  400 V f o l  lowed by 1 h a t  800 V. NEPHGE g e ls  were composed o f  
e i t h e r  2$ pH 3.5-10 am pho ly tes  o r  1.6$ pH 5-7 and 0.4$ pH 3.5 -10 ampho-
(
I y te s  and were run a t  500 V f o r  90 mln o r  100 m ln ,  r e s p e c t i v e l y .  The 
mob I I 111 es o f  p r o te  ins w i l l  be a f f e c t e d  by th e  I eng th  o f  t h e  g e ls  and 
th e  p a r t i c u l a r  e l e c t r o p h o r e s i s  equtpment  u t i l i z e d .  T h is  i s  due t o  
changes In th e  r e s i s t a n c e  In th e  system which a l t e r s  th e  v o l t a g e  drop 
across the ge ls  (17).
F o l l o w in g  IEF, th e  pH g r a d i e n t  was de te rm in e d  as f o l l o w s :  gel
s e c t io n s  (1 cm) were t r a n s f e r r e d  t o  tubes  and 0.3 mI o f  a degassed 
s o l u t i o n  o f  10 mM NaCI was added. A f t e r  f l u s h i n g  w i t h  n i t r o g e n  th e  
tubes  were sea led  and shaken a t  room te m p e r a tu re  f o r  10 min p r i o r  t o  
measuring the pH.
5HS. Gal EJ-g-Stop-tor.e-Sl.s.
IEF and NEPHGE ge ls  were e q u i l i b ra te d  as described (10) and run In 
a second d im e ns ion  c o n s i s t i n g  o f  t h e  d i s c o n t i n u o u s  SDS gel  system o f  
Laemmll (18) as described by 0 'Farre l  I (10). The second dimension slab 
ge l  c o n s is te d  o f  an 11-14$ e x p o n e n t ia l  g r a d i e n t  o f  a c r y la m fd e .  The 
volume o f  the 14$ s o lu t io n  was 35$ o f  the t o t a l  gel volume. Gels which 
were t o  be used f o r  nuc lease  d e t e c t i o n  Inc luded  DNA a t  20 ng/ml and 
bovine serum albumin a t  10 (xg/ml ( f i n a l  concent ra t ions)  In the separa­
t i n g  g e l .  A s to c k  s o l u t i o n  o f  bo v in e  serum a lb u m in  (10 mg/ml)  was 
bo i led  fo r  10 min to  destroy contaminat ing nucleases. Gels were run a t  
30 mA constant  cu r ren t  u n t i l  the marker dye (bromphenol blue) f r o n t  had 
reached the bottom o f  the ge l .
Preparat ion a t .Samples, Ian One- l i  mens,! anal  SGS. EJectro phores is
Samples subjected to  SDS e lec t ropho res is  alone were f re q u e n t ly  run 
In s la b  g e ls  a lo n g s id e  IEF and NEPHGE g e l s .  Lysa tes  f o r  such samples
were prepared In the fo l l o w in g  manner; 0.1 ml o f  lysa te  was t ra n s fe r re d  
t o  a t e s t  tub e  In a 47° he a t  I ng b I ock.  I mmed I a te  l y ,  0.5 ml o f  a I Iqu I -  
f l e d  (47°)  agarose s o l u t i o n  (1.5$ agarose ,  0.075 M T r l s - H C l ,  pH 6.8, 
2.8$ SDS, 6$ 2-mercaptoethanol , 12$ g l y c e ro l )  was added. The s o lu t io n  
was mixed thorough ly ,  drawn In to  a 15 cm sec t ion  o f  g lass tub ing (2.5 mm 
ID), a l lo w e d  t o  s o l i d i f y  and then  s to r e d  a t  - 8 0 ° .  P r i o r  t o  e l e c t r o ­
p h o re s is  a tub e  was b ro u g h t  t o  room te m p e r a tu re  and a s e c t i o n  was ex­
truded and c u t  o f f .  These samples were appl ied to  SDS slab ge ls  In the 
same manner as e q u i l i b ra te d  IEF o r  NEPHGE gels.
hUj£le.as& Pg±sc.tlflD.
The procedure fo r  nuclease de tec t ion  Is t h a t  described by Rosenthal 
and Lacks (5) w i th  several m o d i f i c a t io n s .  SDS was removed from ge ls  by 
Incubat ing them a t  37° w i th  constan t  a g i t a t i o n  In 3 consecut ive changes 
o f  500 ml (20 x th e  ge I vo I ume) o f  0.04 M Tr  I s-HC I , pH 9.0, 0.02$ sod I urn 
a z ld e ,  2 mM d lso d lu m  EDTA; t w i c e  f o r  30 mln and f i n a l l y  f o r  a p p r o x i ­
mate I y 1 5-20 h. Ge I s were r  I nsed w i t h  d I s t  I I I ed w a te r  a t  37° between 
b u f f e r  changes.  Al I b u f f e r  s o l u t i o n s  were prewarmed t o  37° p r i o r  t o  
use.
The g e ls  were r i n s e d  aga in  In d l s t l I  led w a te r  and t r a n s f e r r e d  t o  
500 ml a c t i v a t i o n  b u f f e r  (0.04 M T r l s - H C l ,  pH 7.6, 0.02$ sodium az ld e )  
along w i th  the ca t ions  and/or co fa c to rs  required f o r  nuclease a c t i v i t y .  
1 M stock so lu t io n s  o f  CaC^,  MgC^ and MnC^ were f i l t e r e d  through 0.45 
(jim n i t r o c e l l u l o s e  f i l t e r s  Immediately p r i o r  to  use. Final  ca t ion  con­
c e n t ra t io n s  were 2 mM. The reac t ion  was te rm ina ted by t r a n s fe r r i n g  the 
gel t o  500 ml 0.04 M T r ls -H C l,  pH 7.6, 0.02$ sodium azlde, 2 mM dlsodlum 
EDTA, 2-4 (ig/ml e th ld lum bromide. In s I t u  hyd ro lys is  o f  the DNA trapped
In the gel r e s u l t s  In a reduct ion  In e th ld lum  bromide f luorescence.
Gels were photographed on a Chromato-Vue T ra n s l I lu m ln a to r  Model C- 
62 (UV Products Inc.) using a Kodak #16 orange f i l t e r  and Polaro id  Type 
55 f i l m  ( ty p ic a l  exposure t im e :  4-7 mln).
Prole 1 n Staining.
SDS s la b  g e ls  were s ta in e d  In 10 vo l  o f  0.1$ Coomassfe B lue  R-250 
In a s o lu t io n  co n s is t in g  o f  5:5:1 methanol: d i s t i l l e d  water: g l a c ia l
a ce t ic  acid and destained In 1:17:2 methanol: d i s t i l l e d  water: g la c ia l
a c e t i c  a c id .
IEF and NEPHGE ge ls  were f i xe d  In 3.5$ p e rc h lo r ic  ac id ,
s ta ined w i th  0.01$ Coomassle Blue G-250 In 3.5$ p e rc h lo r i c  acid (19) and
f i n a l l y  t ra n s fe r re d  t o  7.5$ a ce t ic  acid.
Autoradiography
Gels c o n t a i n i n g  10^ CPM C ^ C i - l a b e l e d  p r o t e i n  were d r i e d  on to  
f i l t e r  paper (Whatman, 3 mM) on a s la b  ge l  d r y e r  (H o e f fe r  S c i e n t i f i c )  
and placed In d i r e c t  con tac t  w i th  Kodak SB-5 X-ray f i l m  a t  room tempera­
tu re  f o r  autoradiography.
Analysis- o l EL subt.i I is Nucleases
Samples o f  B. s u b t l  I Is  l y s a te s  c o n t a i n i n g  e i t h e r  175 o r  350 (xg 
p r o t e i n  were ana lyzed  f o r  nuc lease  a c t i v i t y  f o l l o w i n g  SDS e l e c t r o ­
phoresis or two-d imensional  e le c t rop ho res is ,  re s p ec t ive ly .
S e n s i t i v i t y  q±  i t e  Assay
Deoxyribonuclease I (bovine pancreas) was d isso lved and d i l u t e d  In 
3 mM Tr ls -HC l,  pH 7.4, 0.3 mM dlsodlum EDTA, 0.3 mM 1,10-phenanthrol Ine,
1.5 mM N -e thy  I ma I e l  m Ide ,  74 |ig/m I PMSF, 9.25 M urea ,  2.5$ 2 - m e rea p to -
e t h a n o l ,  1$ (w /v )  NP-40, ]% am pho ly tes  (0 .8^ pH 5 -7 ,  0.2% pH 3 .5 -1 0 ) ,  
0.1 % bovine serum albumin. A NEPHGE gel con ta in ing  10 pg o f  DNas.e I was 
s ta ined according t o  Relsner e t  al (19). The sec t ion  o f  gel correspond­
ing t o  t h i s  p o s i t i o n  was c u t  f rom  g e l s  wh ich had been loaded w i t h  
v a r y in g  amounts o f  DNase I and a p p l ie d  t o  a SDS s la b  ge l  c o n t a i n i n g  
na t ive  c a l f  thymus DNA. Fo l low ing  e le c t ropho res is  the gel was analyzed 
f o r  nuclease a c t i v i t y  as described.
.FtesMl i s
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A I ys a te  f  rom E l s u b t  I I 1 s was ana I yzed f o r  r e n a tu ra b  I e nuc I ease 
a c t i v i t i e s  In a ge l  c o n t a i n i n g  n a t i v e  c a l f  thymus DNA f o l l o w i n g  SDS 
e l e c t r o p h o r e s i s  and f o l l o w i n g  th e  tw o -d im e n s io n a l ,  IEF-SDS e le c t r o ­
phore t ic  procedure o f  O’F a r re l I  (10). Nuclease a c t i v i t y  was term inated 
a f t e r  f i v e  days In a c t i v a t i o n  b u f f e r  c o n t a i n i n g  M g C ^  and C a C ^ .  The 
re s u l t s ,  presented In Fig . 1a, Ind ica te  t h a t  many o f  the p ro te in s  which 
d e m on s t ra te  nuc lease  a c t i v i t y  f o l l o w in g  SDS e lec t rop ho res is  alone are 
not seen In the two-dimensional  pa t te rn .
Comparison o f  the  two-d imensional  nuclease pa t te rn  t o  the d i s t r i b u ­
t i o n  o f  r a d lo f s o t o p lc a l l y  labeled po lypept ides (Fig. 1b.) obtained w i th  
t h i s  procedure demonstrates th a t  the  Iso ton ic  p rope r t ies  o f  the observed 
nuc leases (number average pH |=6.5) a re  more b a s ic  than  tho se  o f  th e  
p r o t e i n  p o p u la t i o n  In genera l  (number average pHj =6.1). I t  seemed 
probable, th e re fo re ,  t h a t  nucleases which were l o s t  f o l lo w in g  IEF-SDS 
two-dimensional e le c t ropho res is  had Iso lo n lc  po in ts  g rea te r  than the pH 
g rad ie n t  employed. Therefore,  the NEPHGE procedure was su b s t i tu te d  fo r  
IEF In the  f i r s t  dimension. In t h i s  procedure p ro te ins  are subjected to  
e lec t rophores is  toward the  cathode I through a r a p id l y  forming pH grad­
ie n t  and are not al lowed to  reach e q u i l i b r i u m  (11). This method permtts 
the de tec t ion  o f  bas ic  p ro te in s  which migra te  o f f  the gel during IEF.
The number o f  El s u b t l I  Is nucI eases o b ta In e d  w I th  t h  Is p rocedure  
(Fig. 2) Is g r e a t l y  Increased. A l l  major rena tu rab le  nuclease a c t i v i ­
t i e s  t h a t  are detected fo l l o w in g  SDS e lec t rophores is  are represented In
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Fig. 1. Comparison o f  nuclease and pro+eln d i s t r i b u t i o n s  obtained from 
I y s a te s  o f  com pe ten t  B. s u b t I  I I s f o l l o w  Ing t w o - d I  mens Iona I , I EF-SDS 
e le c t rop h o res is .
a. P a t t e r n  o f  e t h l d l u m  b rom ide  f luorescence f o l lo w in g  re na tu ra t lo n  
and a c t i v a t io n  o f  nucleases In a gel con ta in ing  n a t ive  c a l f  thymus DNA. 
350 pg o f  p r o t e i n  was s u b je c te d  t o  t w o - d I  mens Iona I e l e c t r o p h o r e s i s .  
175 pg o f  p ro te in  was subjected to  SDS e lec t ropho res is  alone, along the 
r i g h t  edge o f  t h e  same g e l .  A c t i v a t i o n  b u f f e r  c o n ta in e d  MgCIo and 
CaCI2 a t  2 mM. 2
b. A u to r a d io g r a p h i c  p a t t e r n  o b ta in e d  f o l l o w  Ina e l e c t r o p h o r e s I s  o f  
samples con ta in ing  10° CPM o f  ac id p r e c lp l t a b le  [  4CH-labeled p ro te in .
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Fig. 2. D istribution of competent fit subtlI Is nucleases following 
two-dI mensIonaI, NEPHGE-SDS electrophoresis. Pattern of etbfdfum 
bromide fluorescence following renaturatlon and activation of nu­
cleases In a gel containing native c a lf thymus DNA. 350 |ig of pro­
te in  was subjected to two dimensional electrophoresis. 175 jig of 
protein was subjected to  SDS electrophoresis alone, along the right 
edge of the same gel. Activation buffer contained MgCIo* CaCIo an<* 
MnCI2 a t 2 mM. The position  of lysozyme Is Id e n tif ie d  w ith an 
arrow.
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the two-dimensional pa t te rn .  A t o t a l  o f  72 nucleases have been detected 
In ge ls  con ta in ing  n a t iv e  and denatured c a l f  thymus DNA when these are 
ac t iva ted  by a combination o f  Mg^+, Ca^+ and Mn^+. In a se r ie s  o f  e ig h t  
Independent analyses using fou r  d i f f e r e n t  l y s a t e  samples th e  nuc lease 
pa t te rn  was com ple te ly  rep roduc ib le  f o r  a l l  major a c t i v i t i e s .  However, 
seven weak a c t i v i t i e s  t h a t  a re  c l o s e  t o  th e  I I m l t  o f  d e t e c t i o n  and a 
se r ies  o f  s i x  Ca^+- a c t l v a te d  high molecular weight a c t i v i t i e s  t h a t  are 
seen when denatured DNA Is the subs t ra te  were o f te n ,  but not r e l i a b l y ,  
de tec ted .
By a n a l y s i s  o f  s u b s t r a t e  s p e c i f i c i t y  and response t o  I n d i v i d u a l  
Ions a t o t a l  o f  83 nuc leases  have been d e te c te d .  The tw o  d im e n s io n a l  
c l u s t e r i n g  o f  some a c t i v i t i e s  o f  s i m i l a r  subs t ra te  and lo n -a c t l v a t io n  
c h a r a c t e r i s t i c s  sugges ts  t h a t  th e  same enzyme may occu r  In m u l t i p l e  
forms (data not shown).
In s p i t e  o f  the  large number o f  a c t i v i t i e s ,  on ly  a small  number o f
th e  nuc leases  d e te c te d  can be a t t r i b u t e d  t o  aggregated s t a t e s  t h a t
migrated a t  d i f f e r e n t  ra tes  In the  f i r s t  dimension. Seventy-two d l f -
7 +f e re n t  nucleases were detected In ge ls  ac t iva ted  s imu l taneous ly  by Mg'2- , 
Ca^+ and Mn^+. Of t h e s e ,  o n l y  7 were observed t o  r e s id e  a t  m o le c u la r  
weight  p o s i t io n s  w i th  nucleases o f  s i m i l a r  l o n -a c t l v a t  ion and subs t ra te  
s p e c i f i c i t i e s .  Six o f  these p a i rs  o f  a c t i v i t i e s  w i th  s i m i l a r  p rope r t ies  
have been observed on a t  leas t  th ree  d i f f e r e n t  ge ls  In which d i f f e r e n t  
samples were run.
Most nuclease a c t i v i t i e s  show d is c re te  p o s i t io n s  al though they may 
have Id io s y n c ra t ic  shapes. However, an intense a c t i v i t y  w i th  a molecu­
la r  weight o f  17,000 shows a major a c t i v i t y  a t  a low Iso lo n lc  p o in t  (PHI
= 4.8) and In NEPHGE p r e p a r a t i o n s  a pronounced t a l  I o f  a c t i v i t y  e x te n ­
ding In both d i r e c t io n s  so t h a t  the  band runs across the whole SDS ge l .  
S im i la r  anomalous e le c t ro p h o r e t i c  behavior has been reported by Akrlgg 
(20) f o r  an e x t r a c e  I I u I a r  endonuc I ease produced by B*. s.MblJJJjL du r  I ng 
s p o r u l a t l o n .  The tw o  enzymes have a number o f  a d d i t i o n a l  f e a t u r e s  In 
common Inc lud ing the Iso Ion ic  p o in t  o f  the major a c t i v i t y ,  lo n -a c t t v a -  
t l o n  and s u b s ta te  s p e c i f i c i t i e s ,  b u t  a p p a r e n t l y  d i f f e r  In m o le c u la r  
weight .
The p o s s i b i l i t y  e x i s t s  t h a t ,  In some cases, the reduct ion  In e t h l d -  
lum bromide f luorescence Is due t o  the  presence o f  a DNA b ind ing p ro te in  
ra the r  than a nuclease a c t i v i t y .  Lysozyme, which can bind t o  DNA, does 
reduce e th ld lum bromide f luorescence In t h i s  assay and Is In d is t i n g u is h ­
a b le  f rom  nuc lease  a c t i v i t i e s  (see F ig .  2) . The f o l  low ing  e x p e r im e n t  
was performed to  d i f f e r e n t i a t e  between nuclease a c t i v i t y  and DNA b inding 
p ro te ins .  A lysate  o f  EL subt l11s was subjected t o  SDS e le c t ropho res is  
ac ross  th e  who le  le n g th  o f  a ge l  c o n t a i n i n g  n a t i v e  SP82 b a c te r io p h a g e  
DNA. The gel was washed, as described, cu t  In to  s t r i p s  and Incubated In 
a c t i v a t i o n  b u f f e r  c o n t a i n i n g  e i t h e r  Mg^+ , Ca^+, Mn^+, o r  EDTA. A f t e r  
the nuclease pa t te rn  was recorded the ge ls  were Incubated f o r  two days 
a t  37° In 0.06 M T r l s - H C I ,  pH 6.8, 2.3$ SDS, 5% 2 -m e rc a p to e th a n o 1 , 10% 
g l y c e r o l ,  t o  d i s s o c i a t e  DNA b in d in g  p r o t e i n s .  The s t r i p s  were washed 
again and re-photographed In the presence o f  EDTA and e th ld lum bromide. 
The re s u l t s  (Fig. 3) demonstrate t h a t  the band corresponding to  lysozyme 
Is the on ly  band which disappears under these cond i t ions .  The changes 
In e th ld lum bromide f luorescence we have observed e i t h e r  represent  pro­
te in s  w i th  nuclease a c t i v i t y ,  o r  b inding p ro te ins  th a t  do not denature
mol. wt. x 10 3 





F ig .  3. Response o f  th e  e t h l d l u m  b rom ide  f l u o r e s c e n c e  p a t t e r n  t o  
p ro te in  denaturing c o n d i t io n s .  A sample o f  fL  s u b t l I  Is p ro te in  was 
subjected to  SDS e le c t ro p h o re s is  In a slab gel con ta in ing  n a t ive  SP82 
phage DNA. F o l l o w in g  r e n a t u r a t I o n ,  ge l  s t r i p s  were Incuba ted  In 
a c t i v a t i o n  b u f f e r  c o n t a i n i n g  (a) MgClo, (b) CaClo» (c) MnCl2 » o r  (d) 
EDTA a t  2 mM f o r  5 days. Sol Id I Ine; t r a c i n g s  o r  P o la r o i d  t y p e  55 
f i l m  negat ives made on a Joyce Loebel scanning dens i tometer.  Broken 
I Ine; t r a c i n g s  o f  th e  same s t r i p s  a f t e r  th e y  were Incuba ted  f o r  2 
days a t  37° In 0.06 M T r l s - H C I ,  pH 6.8, 2.3% SDS, 5% 2 - m e r c a p to -  
e thano l ,  10? g l y c e r o l ,  t o  d is s o c ia te  DNA binding p ro te in s ,  re-washed, 
and re-photographed. The p o s i t io n  o f  lysozyme Is Ind icated w i th  an 
arrow.
under these con d i t ions .
■$.en£j±lyj±y- a t ihs. Assay.
A r e d u c t i o n  In e t h i d l u m  b rom ide  f l u o r e s c e n c e  r e s u l t i n g  f rom  th e  
nuc lease  a c t i v i t y  o f  DNase I a t  10 pg was d e t e c t a b le  (F ig .  4). Th is  
le v e l  o f  s e n s i t i v i t y  Is  com parab le  t o ,  o r  g r e a t e r  t h a n ,  p r e v i o u s l y  
r e p o r te d  methods en ta  I I I ng i n  s I t u  hydro I ys I s o f  DNA t rappe d  In po I y -  
a c r y la m ld e  g e ls  (1,3,5-9,12).
Some nuc leases  a re  I n h i b i t e d  by e t h l d l u m  b rom ide  (21).  In a d d i ­
t i o n ,  u l t r a v i o l e t  I r r a d ia t i o n  In the presence o f  e th ld lum bromide I n t r o ­
duces s in g le  strand breaks In to  DNA (22). Our approach, the re fo re ,  has 
been t o  record the pa t te rn  o f  e th ld lum bromide f luorescence on ly  a f t e r  
exhaust ive Incubation (5-7 days) In a c t i v a t io n  b u f fe r  In the  absence o f  
e t h ld lu m  b rom ide .  T h is  Is t o  ensure  t h a t  s low  a c t i n g  nuc leases  (e.g. 
exonucleases) and those In very low concent ra t ions  have s u f f i c i e n t  t im e  
to  ac t .  Undoubtedly, s ho r te r  Incubation t imes In a c t i v a t io n  b u f fe r  can 
be employed In many In s ta n c e s .  In a s e p a ra te  e x p e r im e n t  th e  nuc lease  
a c t i v i t y  o f  300 pg o f  DNase I was d e te c te d  w i t h i n  2 hours  (da ta  no t  
shown).
Fig. 4. Lim it of detection of DNase I. Sections of NEPHGE gels 
containing (a) 0.1 pg, (b) 10 pg, (c) 1 ng, and (d) 0.1 pg DNase
1 (bovine pancreas) were subjected to  SDS electrophoresis In a 
gel containing native c a lf thymus DNA and analyzed for nuclease 
a c tiv ity . Activation buffer contained MgC^, and MnCU at
2 mM. Nuclease a c tiv ity  Is Identified by a reduction In e th l­
dlum bromide fluorescence.
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A wide range o f  both monomeric enzymes and m u l t lm e r lc  enzymes com­
posed o f  I d e n t i c a l  s u b u n i t s  have been re n a tu re d  and d e te c te d  enzyma­
t i c a l l y  In ge ls  fo l l o w in g  SDS e le c t ropho res is .  These Include proteases, 
amylases (23 ,24 ) ,  dehydrogenases (23),  l i p a s e s  (24),  nuc leases  (1 -  
7 ,9 ,1 2 ) ,  DNA po lym erases  (25) ,  c r e a t i n e  k in a s e ,  a l k a l I n e  phosphatase,  
u r id in e  dlphosphoglucose pyrophosphorylase (26), and f ru c to s y l  t r a n s f e r ­
ase (27).
F a i lu re  to  re s to re  enzymatic a c t i v i t y  may be an Inherent  proper ty  
o f  c e r t a i n  enzymes. However, a t  l e a s t  In some In s ta n c e s ,  f a l l u r e  may 
r e s u l t  from Inadequate removal o f  SDS and/or contaminants In d i f f e r e n t  
SDS p r e p a r a t i o n s  (7 ,28 ) .  The a d d i t i o n  o f  fsop ropano l  (7 ) ,  and n e u t r a l  
de tergent  (26,27) have been shown t o  aid In the re na tu ra t lo n  o f  c e r ta in  
enzymes.
We have detected Increased enzymatic recovery In ge ls  washed In pH 
9.0 T r l s  b u f f e r  ra th e r  than pH 7.6 and have Incorporated t h i s  m od i f ica ­
t i o n  o f  th e  Rosentha l  & Lacks (5) p rocedure  I n t o  ou r  p r o t o c o l .  T h is  
Increased a c t i v i t y  may be a t t r i b u t e d  to  the low Ion ic  s t reng th  o f  t h i s  
b u f fe r .  I t  Is a lso poss ib le  t h a t  the po la r  nature o f  the unprotonated 
T r l s  m o le cu le  behaves In a manner s i m i l a r  t o  urea (29) In a I d I ng r e ­
na tu ra t lon .  The c r i t i c a l  m ic e l le  temperature (CMT) o f  SDS, w h i le  a lso a 
fun c t ion  o f  the phys ical  cond i t ion s  o f  I t s  environment Is very c lose to  
"room temperature" (30). For t h i s  reason I t  seems advisab le  t o  e f f e c t  
SDS removal a t  a c o n t ro l l e d ,  e levated, temperature (37°), as described 
In our procedure.
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Ana I y s I s  o f  I n  s I t u  enzyme a c t  I v I t y  f o I  Iow Ing two dI mens Iona I 
e lec t rophores is  has been appl ied t o  nucleases using zonal e lec t rophore ­
s i s  In the  f t r s t  dimension and SDS e lec t ropho res is  In the second dimen­
s io n  (9) . Schee le ,  Pash, and Bl.eger (24) and Manrow and D o t t l n  (26) 
have re c e n t ly  reported the  a p p l i c a t io n  o f  IEF-SDS e le c t ro p h o r e t i c  proce­
dures, s i m i l a r  t o  t h a t  we have Independently developed, t o  the study o f  
a number o f  o ther  enzymes. Thus, I t  Is l i k e l y  t h a t  the two-dimensional  
zymogram (2DZ) ana lys is  Is o f  broad u t i l i t y .  Of p a r t i c u l a r  Importance 
I s th e  ab I I I t y  o f  th e  2DZ ana I ys I s t o  d I s t  I ngu I sh mu 111 p I e fo rm s o f  
enzymes In p r e p a r a t i o n s  p r e v i o u s l y  t h o u g h t  t o  be homogeneous (25 ,30 ) .  
The 2DZ nuclease procedure was s p e c i f i c a l l y  developed f o r  the purpose o f  
I d e n t i f y in g  nuclease changes associated w i th  the development o f  compe­
tence In B. s u b t l I  I s . We have found th a t  the combination o f  NEPHGE and 
SDS e lec t rophores is  Is supe r io r  t o  IEF-SDS e lec t rophores is  f o r  the study 
o f  nuc leases  In B. s u b t I l l s . The p roced ure  may be a p p l i c a b l e  t o  th e  
study o f  a wide range o f  enzymes w i th  basic f s o lo n lc  po in ts  and enzymes 
associated w i th  DNA management. This ana lys is  has revealed a g rea te r  
number o f  nuc leases  In fij. s u b t l  I Is  than  p r e v i o u s l y  d e s c r ib e d .  More 
d e ta i le d  c h a ra c te r Iz a t lo n  Is under way In our labora tory .  P re l im in a ry  
re s u l t s  suggest t h a t  In some cases m u l t i p l e  forms o f  the same enzyme are 
be ing v i s u a l i z e d .  On th e  b a s is  o f  c a t i o n  a c t i v a t i o n  and s u b s t r a t e  
s p e c i f i c i t y  I t  Is c le a r  t h a t  a number o f  the a c t i v i t i e s  represent  unique 
nucleases p rev iou s ly  undetected In s u b t l I  I s .
This approach o f f e r s  a number o f  advantages. The procedure Is rap id  
s ince no p u r i f i c a t i o n  o f  sample Is necessary. Condi t ions f o r  enzymatic 
a c t i v i t y ,  th e  m o le c u la r  w e ig h t  and th e  I o n i c  p r o p e r t i e s  o f  each nu­
c lease, In a whole c lass  o f  nucleases, can be s tud ied s imu l taneous ly .
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11. IDENTIFICATION QE COMPETENCE-ASSOCIATED POLYPEPTIDES M I  NUCLEASES 
IN. BACILLUS SUBT.I U S .  STRAIN $325. AND E£1£RAL l£G£EiLL£ . 
TRANSFORMATION-DEFECTIVE MUTANTS
INTRODUCTION
Competent Bad 11 us s u b t l I  Is cel Is are capable o f  exchanging genet ic  
In fo rmat ion  by re leas ing  and absorbing DNA to  and from the e x t r a c e l l u la r  
environment. DNA which has been taken up may be permanently f ix e d  and 
expressed by the c e l l  f o l l o w in g  recombination w i th  a re s id e n t  DNA mole­
c u le  a t  a p o i n t  o f  p a r t i a l  homology. T r a n s fo r m a t io n  occu rs  when the  
new ly  acq u i re d  DNA c o n t a in s  g e n e t i c  I n f o r m a t i o n  which Is  new t o  th e  
r e c ip ie n t  c e l l .  This may r e s u l t  In a d is c e rn ib le  phenotypic a l t e r a t i o n  
In the transformed c e l l .
The I d e n t i f i c a t i o n  o f  b io c h e m ic a l  events essen t ia l  f o r  t rans fo i— 
mat I on In Bac I I I us s u b t l  I I s has been comp I Ica te d  by the  f a c t  t h a t  the  
spontaneous development o f  competence, In t h i s  bacterium, Is predomin­
a n t l y  a f e a t u r e  o f  c u l t u r e s  which a re  near th e  s t a t i o n a r y  phase o f  
g ro w th  (1 ,2 ) .  Many complex p h y s i o l o g i c a l  changes are associated w i th  
th e  d i f f e r e n t i a t i o n  o f  IL_ s u b t l I  Is  t o  competence ( f o r  rev  Iews on a l l  
aspects  o f  competence see r e f .  3 -15 ) .  However, I t  rem a ins  u n c le a r  I f  
these changes r e f l e c t  the v i t a l i t y  and stage o f  growth o f  the c u l t u r e  or 
whe ther  th e y  a re  r e l a t e d  t o  th e  b io c h e m ic a l  mechanism necessary  f o r  
t r a n s f o r m a t i o n .  More r e c e n t  s t u d i e s ,  t h e r e f o r e ,  nave been d i r e c t e d  
toward fo l lo w in g  the physicochemical fa te  o f  t rans fo rm ing  DNA and toward 
I d e n t i f y i n g  c o m p e te n c e - s p e c i f i c  changes, both  In t r a n s f o r m a t i o n -  
de fec t ive  mutants and In enzymes and p ro te ins  which In te ra c t  w i th  DNA.
The ac t ion  o f  c e l l  sur face nucleases on t rans fo rm ing  DNA has been
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suggested by the observa t ion  th a t  a large p ropo r t ion  o f  high molecular 
w e ig h t  DNA bound t o  ce l  Is  Is  c o n v e r te d  e n d o n u c Ie o I y t l e a  I l y  t o  doub le  
stranded fragments o f  approx imate ly  1-2X10^ MW p r i o r  t o  I n te r n a l i z a t i o n  
(9 ,16 ,17 ) .  C o n s is t e n t  w i t h  t h i s  Is th e  f a c t  t h a t  t h e r e  a re  un ique  
n u c l e o l y t l c  a c t i v i t i e s  a s s o c ia te d  w i t h  competent  cel Is (18,19). Ev i ­
dence has been presented (20) which Ind ica tes  t h a t  nuclease a c t i v i t y  on 
the  c e l l  s u r f a c e  may be e s s e n t i a l  f o r  t r a n s f o r m a t i o n  In B. s u b t  I I I s . 
Two competence-associated Mn^+-a c t Iva te d  nucleases are not found or  I f  
p re s e n t  a re  found a t  v e ry  reduced l e v e l s  In s p h e r o p la s t  s u p e rn a ta n ts  
f rom  a number o f  m u tan ts  (20) wh ich  a re  d e f i c i e n t  In t h e  b in d in g  and 
en t ry  o f  DNA (21) and are nontransformable.
Add i t iona l  n u c le o ly t l c  processing o f  t rans fo rm ing  DNA on the c e l l  
sur face has been suggested by the f a c t  t h a t  a large p o r t io n  o f  bound DNA 
Is c o n v e r te d  t o  s i n g l e  s t r a n d s  c o n c o m i ta n t  w i t h  DNA up take  (16,22) .  
Other repor ts  suggest t h a t  duplex t rans fo rm ing  DNA a lso  occurs I n t r a c e l -  
l u l a r l y  (2 3 -2 5 ) .  Much o f  th e  bound DNA Is re le a s e d  t o  th e  medium as 
e i t h e r  acid so lub le  o l ig o nu c le o t ide s  (16,19) or  as a b i o l o g i c a l l y  Inac­
t i v a t e d  l i m i t  dup lex  p ro d u c t  (16 ,17) .  Severa l  r e p o r t s  sugges t  th e  
p a r t i c i p a t i o n  o f  ad d i t ion a l  DNA re p a i r  and management enzymes. Among 
these, a high level o f  s in g le - s t r a n d e d n e s s ,  In t ro d u c e d  I n t o  r e c i p i e n t  
c e l l u l a r  DNA (26,27) is  t h o u g h t  t o  be p r o te c t e d  by th e  s im u l ta n e o u s  
Induct ion o f  a DNA-blndlng p ro te in  during competence (28,29). Mazza and 
RIva (30) have re p o r te d  t h a t  one o f  f o u r  fL. s u b t l I  Is DNA-dependent 
ATPases Is  Increased s i x  f o l d  In com pe ten t  c e l l s .  Y asb ln 's  (31,32) 
r e s u l t s  suggest t h a t  competence development a c t iv a te s  an e r ro r -p rone  DNA 
re p a i r  system r e s u l t i n g  In Induction o f  prophage and the expression o f  a 
p rev ious ly  s i l e n t  DNA m o d i f i c a t io n  system.
A p o t e n t i a l  r o l e  f o r  t h e  ATP-dependent nuc lease  a c t i v i t y  o f  fL. 
sub t l  I Is In t ra n s fo rm a t io n  was suggested f o l l o w i n g  th e  d e m o n s t ra t io n  
t h a t  tw o  p o o r l y  t r a n s f o r m a b I e  m utan ts  a re  d e f i c i e n t  In t h i s  enzyme 
(33,34). A number o f  unpublished observa t ions,  c i t e d  re c e n t l y  by Venema 
(12) and Dubnau (15) ,  c o n f l i c t  w i t h  t h i s  I n t e r p r e t a t i o n ,  however. In 
a d d i t i o n  Do ly  e± a l»  (35) have I n d ic a te d  t h a t  th e  f a i l u r e  o f  one o f  
the se  mu tan ts  (33) t o  t r a n s f o r m  arid t ra n s d u c e  may be e x p la in e d  by a 
reduced c e l l  v i a b i l i t y .  These re po r ts ,  In combination w i th  the d i v e r ­
s i t y  o f  phenotypes In the  t r a n s fo r m a t io n - d e f i c ie n t  mutants which have 
been I s o l a t e d ,  g i v e  an I n d i c a t i o n  o f  th e  p o t e n t i a l  c o m p l e x i t y  o f  th e  
biochemical  mechanism o f  t ra ns fo rm a t io n .
Dubnau has suggested (15), t h a t  r a th e r  than Id e n t i f y in g  the spec i ­
f i c  enzymatic changes In Ind iv idua l  t r a n s fo r m a t io n - d e f i c ie n t  s t r a in s ,  a 
more f r u i t f u l  approach would be to  Is o la te  mutants a l te red  In s p e c i f i c  
enzymes which one might  suspect p lay an essen t ia l  r o le  In t rans fo rm a­
t i o n .  This approach has a t  leas t  one shortcoming. Hereto fore u n id e n t i ­
f i e d  enzymes, perhaps tho se  u n iq u e ly  a s s o c ia te d  w i t h  th e  b io c h e m ic a l  
mechanism o f  t ra ns fo rm a t io n  would be the la s t  t o  be discovered and In 
f a c t  could overlooked I n d e f i n i t e l y .
The I d e n t i f i c a t i o n  o f  s p e c i f i c  a l t e r a t i o n s  In t ra n s fo rm a t io n -d e fe c ­
t i v e  s t r a in s  Is compl icated by the large number o f  p o te n t ia l  enzymatic 
a c t i v i t i e s  which appear to  be Involved. This In v e s t ig a t io n  was under­
taken, In p a r t ,  t o  prov ide a s imple  basis f o r  screening t ra n s fo rm a t io n -  
d e fe c t iv e  mutants. I n i t i a l l y ,  our approach was as broad as poss ib le .  A 
two-d imensional  e le c t ro p h o r e t i c  map o f  B. s u b t l I  Is po lypept ides synthe­
sized during the development o f  competence was construc ted.  Secondly, 
those po lypept ides un ique ly  associated w i th  competence were Id e n t i f i e d
by comparison to  po lypept ides present In p h y s io lo g ic a l l y  non-competent 
c e l l s .  This approach led to  the I d e n t i f i c a t i o n  o f  14 novel po lypept ides 
In c u l tu re s  o f  competent c e l l s .  In a se r ie s  o f  t ra n s fo rm a t io n -d e fe c t i v e  
mutants t h a t  were analyzed, an a l t e r a t i o n  In one or  more o f  7 o f  these 
p e p t id e s  was d e te c te d  (36).  A number o f  th e s e  c o m p e te n c e -a s s o c ia te d  
po lypept ides have s ince been shown to  be present predominantly  In the 
competent f r a c t i o n  o f  c e l l s  Iso la ted  by renog ra f ln  g ra d ie n t  c e n t r i f u g a ­
t i o n  (37).
The d e m o n s t ra t io n  t h a t  t h e  m a j o r i t y  o f  r e n a t u r a b l e  B. s u b t l I  Is  
nuc leases are  to o  b a s ic  t o  be w e l l  r e s o lv e d  by I s o e l e c t r i c  fo c u s in g  
(IEF) In pH 5-7 g r a d i e n t s  (38) ,  a long w i t h  th e  p o s s i b i l i t y  t h a t  many 
DNA-Interact ing p ro te in s  may be s i m i l a r l y  charged, led t o  a search f o r  
c o m p e te nce -a ssoc ia te d  p o l y p e p t i d e s  w i t h  Inc reased emphasis on b a s ic  
po lypeptides. This was accom p l ished  by em p loy ing  non-equ I I  I b r  I urn pH 
g ra d ie n t  e lec t rophores is  (NEPHGE) In a d d i t io n  t o  IEF as the f i r s t  dimen­
s io n  o f  e l e c t r o p h o r e s i s .  A number o f  a d d l t o n a l  com pe tence -assoc ia ted  
po lypeptides have been detected and are reported In t h i s  d i s s e r ta t i o n .
C o n s id e ra b le  e v idence  sugges ts  nuc leases  p la y  some r o l e  a t  many 
s teps  In th e  b io c h e m ic a l  pathway o f  t r a n s f o r m a t i o n .  However, ve ry  
l i t t l e  Is known about the  nuclease con ten t  o f  competent c e l l s .  Using a 
re c e n t ly  developed technique f o r  the I d e n t i f i c a t i o n  o f  the renatu rab le  
a c t i v i t i e s  o f  nucleases f o l lo w in g  two-d I  mens Tonal e lec t rophores is  (38), 
we have begun the c h a ra c te r i z a t io n  o f  83 rena tu rab le  nucleases In compe­
t e n t  c u l tu re s  o f  EL s u b t l I  Is.
To Id e n t i f y  competence-associated nucleases we have compared nuc­
lease a c t i v i t i e s  d e r i v e d  f rom  com pe ten t  ce l  Is ,  p h y s i o l o g i c a l l y  non- 
competent c e l l s ,  and fou r  t ra n s fo rm a t io n -d e fe c t i v e  mutants o f  f L  sub-
11 I f  s SB25. In a d d i t i o n ,  th e  tw o -d fm e ns  Iona I nuc lease  p a t t e r n  was 
compared d i r e c t l y  t o  the two-dimensional  au to ra d  fog raph Ic  p o l y p e p t i d e  
pa t te rn .
MATERIALS AND METHODS
B ac te r ia l  Stealns
B a d  I l u s  s u b t l I  Is  s t r a i n  SB25 ( h i s Bo t r p Cg) and a number o f  I s o ­
genic t r a n s fo r m a t io n - d e f i c i e n t  mutants (36,39) were used.
Media and. Qmttth Regimes
Competent c e l l s  were made by the Splzlzen (40) technique as modi­
f ie d  by Kohn and Green (41). P h y s io lo g ic a l l y  non-competent c e l l s  were 
grown a t  37° In a T r l s - s a l t  s o l u t i o n  (42) supplemented w i t h  0.5$ g l u ­
cose, 2.5 mM MgCl2 » 0.1$ yeast e x t r a c t ,  0.05 mg/ml D,L- tryptophan, 0.4$ 
a r g i n i n e ,  0.02$ L - h l s t l d l n e  and 0.2$ ca se in  h y d r o l y s a t e .  C e l l s  were 
Innoculated a t  approx imate ly  10"5 c e l l s / m l ,  grown to  5 X 10^ c e l l s / m l ,  
d l  lu te d  t e n - f o l d  and grown f o r  an a d d i t i o n a l  90 mln. A f t e r  th e  f i r s t  
stage o f  growth the c u l tu re s  were s tored a t  -80° f o l lo w in g  the a d d i t ion  
o f  d imethyl  s u l fo x id e  t o  7.5$.
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Media. Radio Isotop l e a l l y  labeled competent c e l l s  were grown In the 
absence o f  c a s e in  h y d r o l y s a t e  t h r o u g h o u t  bo th  s tages  o f  g ro w th .  The 
f i r s t  and second stage media fo r  rad lo Iso top  leal Iy labeled non-competent 
c e l l u l a r  p repara t ions  were Ide n t ica l  t o  unlabeled preparat ions w i th  the 
e x c e p t io n  t h a t  th e  amino ac id  c o m p o s i t i o n  was a d ju s te d  t o  match th e  
media used f o r  competent c e l l  p reparat ions as fo l lo w s ;  casein hydro l y ­
sate was e l im ina ted  from media fo r  both stages o f  growth:  a rg in ine  and 
h i s t i d i n e  concentra t ions were 0.8$ and 0.4$, re s p e c t iv e ly ,  In the f i r s t  
stage o f  growth, and were e l im ina ted  from the second stage media.
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LabelIng. P ro te in  was r a d lo l s o t o p l c a l l y  labeled during the f i n a l  
60 mln o f  t h e  second s tag e  o f  g ro w th  o f  com pe te n t  and non-com pe ten t  
c e l l s  by the a d d i t ion  o f  a m ix tu re  o f  labeled amino acids (NEN) to
10pCI/ml.  The up take  and I n c o r p o r a t i o n  o f  r a d l o l s o t o p l e a  I l y  lab e led  
amino acids was stopped by adding co ld ,  v i ta m in  f re e ,  casein hydro lysa te 
to  5$, chloramphenicol t o  200 j jg /m l ,  and r a p id l y  c h i l l i n g  the c e l l s .
Measurement o i  Competence
The level o f  competence was determined In a marker rescue assay as 
p rev ious ly  described (43) by adsorbing c e l l s  t h a t  had been p re in fec ted  
w i th  bacteriophage H167-A4 (44), a double te m pe ra tu re -se ns i t ive  mutant 
o f  SP82, to  a s a tu ra t in g  level o f  w i l d  type SP82 bacter iophage DNA (45).
P re p a r a t io n  q±  Cel 1 Lysa tes  a M  Dg t e r m Ina t . lo n, Q± Affid. PrS.C.I,pi±ai?.La 
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The p rocedure  f o r  t h e  p r e p a r a t i o n  o f  c e l l  l y s a te s  has been des­
cr ibed (38). The amount o f  ac id p r e c lp i t a b le  r a d i o a c t i v i t y  was measured 
as f o l  lows; A 10 pi sample o f  each l y s a t e  was added t o  2 ml o f  c o ld  5% 
t r i c h lo r o a c e t i c  acid. An a l i q u o t  o f  t h i s  suspension and an equal a l i ­
quot o f  the supernatant  f o l lo w in g  c e n t r I f u g a t lo n  (10,000 X g fo r  10 mln) 
was counted In a N u c lea r  Chicago l i q u i d  s c i n t i l l a t i o n  c o u n te r .  The 
l i q u id  s c i n t i l l a t i o n  c o c k ta i l  contained 0.56$ om n t f luo r  In 1:2 ( v o l / v o l )  
T r i to n  X 100: to luene.
E lec t ro ph o re t ic  Analys is  q±  Cel l u l a r  P ro te in  a M  Nucleases
The procedures f o r  e le c t r o p h o r e s i s ,  nuc lease  d e t e c t i o n ,  s t a i n i n g  
and autoradIography have been described (38). Fluorography was done a t  
-8 0 °  f o l l o w i n g  Im p re g n a t io n  o f  g e ls  w i t h  New England N uc lea r  Enhance 
s o l u t i o n .  X - ra y  f i l m  was p r e f la s h e d  accord Ing t o  th e  p rocedure  des-
er fbed by Laskey and M i l l s  (46).
Molecular Weight Ana l y s is.
Molecular weight  was determined by comparison to  the m o b i l i t y  o f  a 
se r ies  o f  methylated C^C3- labe led  p ro te in s  purchased from New England 
N u c le a r .  The p r o t e i n  s ta n d a rd s  and t h e i r  m o le c u la r  w e ig h ts  were as 
fo l lo w s ;  phosphorylase B, 92,500; albumin (bovine serum) 69,000; ova lbu­
min, 46,000; carbonic  anhydrase, 30,000; IactogIobu11n A, 18,367; c y to ­
chrome C, 12,300.
Measurement o f  ±ha Grad I en t  Fol lowing I sogleslciC- F-gCUS-Ina
The procedure used f o r  de termin ing the pH g rad ie n t  fo l l o w in g  Iso­
e l e c t r i c  focusing has been described (38, Chapter 1).
RESULTS AND DISCUSSION
Two-dimensional E le c t ro p h o re t ic  Analys is  o f  Compg.tgJl .t. ansL Ngn-CQfflpoten.t 
EL sub.t.l . l is  2025.
B. s u b t l I  I s . s t r a i n  SB25, grown In th e  competence re g im e ,  was 
r a d lo l s o t o p le a l l y  labeled dur ing the f i n a l  60 mln o f  the second stage o f  
growth.  During t h i s  t im e  In te rva l  a t y p i c a l  c u l t u r e  Increases 10-50 X 
In th e  le v e l  o f  competence.  A t  th e  c o m p le t io n  o f  t h e  la b e l  Ing p e r io d  
these c u l tu re s  contained 3-5$ competent c e l l s  as determined In a marker 
rescue assay. P h y s i o l o g i c a l l y  non -com pe ten t  c u l t u r e s  o f  SB25 were 
lab e led  f o r  60 mln d u r in g  l o g a r i t h m i c  g ro w th  and c o n ta in e d ,  a t  th e  
t e r m i n a t i o n  o f  th e  labe l  Ing p e r i o d ,  0.16$ th e  le v e l  o f  competence ex­
h ib i t e d  by c u l tu re s  grown In the  competence regime.
Lysa tes  f rom  com pe te n t  and non -com pe ten t  c e l l u l a r  p r e p a r a t i o n s  
c o n t a i n i n g  1.7 x 10^ CPM o f  a c id  p r e c l p l t a b l e  cou n ts  were ana lyzed  by 
tw o  d im e n s io n a l  e l e c t r o p h o r e s i s  w i t h  e i t h e r  IEF o r  NEPHGE th e  f i r s t  
dimension and SDS e le c t rop ho res is  In the second dimension. The IEF-SDS 
and NEPHGE-SDS e le c t ro p h o r e t i c  pa t te rns  from c e l l s  grown under the two 
c u l t u r e  co nd i t ions  are presented In Fig 5 and Fig 6, re s p e c t iv e ly .  We 
have focused ou r  a t t e n t i o n  on th o s e  p o l y p e p t i d e s  wh ich  were e i t h e r  
markedly Increased or  were novel In competent c e l l  p repara t ions.
Twenty-two new competence-associated po lypept ides were detected In 
t h i s  study In a d d i t io n  to  the 14 p rev iou s ly  reported (36). The a d d i t io n  
o f  I a c to g Io b u I  In (18,400 MW) as a m o le c u la r  w e ig h t  s ta n d a rd  f o r  SDS 
e l e c t r o p h o r e s i s  p e r m i t t e d  more a c c u ra te  e s t i m a t i o n  o f  th e  m o le c u la r  

























Fig 5. Two-d f mens 1 ana I , IEF-SDS, e lectrop ho retic  analysis of rad lo lso top lca l ly  1ab«i«d 
competent and physiological ly non-competent cultures of lL  subtl I Is. Autoradiographic j>at- 
tern obtained following electrophoresis of samples containing 1.7 x 10® CPM of acid preclp j -  























Fig 6. Two-dimensional, NEPHGE-SDS, electrophoretic analysis of radioisotopicai ly labeled 
competent and physiologically non-competent cultures of fL subtlI Is. Autoradiographic pat­
tern obtained following electrophoresis of samples containing 1.7 x 10® CPM of acid preclpl- 







study (36). A summary o f  the t h i r t y  seven competence-associated po ly ­
pept ides is  presented in Table I and I I .
The r e s u l t s  i n d i c a t e  t h a t  B. s u b t i I i s  Is  s i m i l a r  t o  a number o f  
t rans fo rm ab le  b a c te r ia  In which are Induced a unique set  o f  po lypept ides 
w h i le  undergoing d i f f e r e n t i a t i o n  t o  the competent s ta te .  In S treptococ­
cus pneumoniae th e  deve lopm en t  o f  competence Is  accompanied by th e  
s y n th e s i s  o f  16 new p o l y p e p t i d e s  (47). S i m i l a r l y ,  10 com petence-  
associated po lypept ides have been detected In Streptococcus sanguis (48) 
and In Haemophilus In f luenzae.  6 po lypept ides,  synthesized s p e c i f i c a l l y  
during competence development were detected In p u r i f i e d  c e l l  envelope 
p r e p a r a t io n s  (49).
The I n d u c t io n  o f  c o m p e te n c e -a s s o c ia te d  p o ly p e p t id e s  In S. pneu- 
monIae (47,50) and iL. sangu Is (48) Is accompanied by th e  o v e ra l  I sup­
p re s s io n  o f  non-competence-assoc la ted  p ro te in  synthesis . S h o r t ly  f o l ­
lowing the competent phase, competence-associated p ro te in  synthes is  Is 
again turned o f f  and precompetent p ro te in  synthes is  Is resumed. This 
evidence suggests th a t  the ab rup t  t r a n s i e n t  appearance o f  competence, 
which in th e se  b a c t e r i a  occu rs  In th e  m id s t  o f  l o g a r i t h m i c  g ro w th
(48 .51 ) ,  In v o lv e s  a c o m p le te  r e o r g a n i z a t i o n  o f  gene e x p re s s io n .  The 
competent s ta te  in these two bac te r ia  Is e l i c i t e d  by the synthes is  o f  a 
small  p ro te in  which t r i g g e r s  the rap id  and synchronous development o f  
competence In n e a r l y  th e  e n t i r e  p o p u la t i o n  o f  ce l  Is (52 ,53) .  Compe­
tence, which normal ly  develops spontaneously a t  a s p e c i f i c  c e l l  dens i ty
(48.51), can be Induced by the a d d i t io n  o f  competence fa c to r ,  Iso la ted 
f rom th e  s u p e rn a ta n t  o f  a com peten t  c u l t u r e .  M o r r i s o n  and Baker (50) 
and Ralna and Ravin (48) demonstrated t h a t  the precocious Induction of  
competence fo l lo w in g  the a d d i t i o n  o f  p u r i f i e d  competence f a c t o r ,  was
Table  I.  B. s u b t l I  Is Competence Assoc ia ted  P o ly p e p t id e s
IEF-SDS
lol ecu 1 ar
W+-3(X I0 3 )
I so Ion ic  
pH
Type 1 ntens 11>
17 4.80 Increased weak
17.5 5.14 g rea t  1y 
Increased
strong
20.5 5.32 novel weak
25 6.25 g re a t  1y 
Increased
moderate
31 6.46 g rea t  1y 
I ncreased
strong
33 5.98 novel weak
33 5.62 Increased moderate
33.5 5.24 g rea t  1y 
I ncreased
strong
34 6.08 g rea t  1y 
Increased
strong
35 5.12 Increased moderate
36 4.95 novel moderate
36.5 5.00 novel moderate
38 5.12 I ncreased strong
39 5.94 grea t  1y 
Increased
strong
40 5.64 Increased moderate
40.5 5.18 g rea t  1y 
I ncreased
strong
42 5.29 g rea t  1y 
Increased
strong
43 5.29 g re a t  1y 
Increased
strong
50 6.85 novel moderate
56 5.83 g rea t  1y 
I ncreased
strong
69 5.98 novel moderate
86 5.44 Increased moderate
100 5.46 I ncreased moderate
Table  I I . B. s u b t l I  Is Competence A ssoc ia ted  P o ly p e p t id e s
NEPHGE-SDS
Molecu lar  M o b i l i t y  Type I n t e n s i t y
wt .  NEPHGE/
(X10- 3 ) Lysozyme
13.5 0.34 novel s t rong
16.5 0.45 novel weak
16.5 0.61 Increased strong
17 0.56 novel weak
24.5 0.40 I ncreased weak
27.5 0.68 novel weak
35 0.35 novel moderate
36 0.35 novel moderate
46 0.62 nove 1 weak
48 0.32 novel moderate
51 0.32 1 ncreased moderate
58 0.30 Increased moderate
104 0.16 Increased strong
accompanied by the same abrupt change-over t o  the s e le c t i v e  synthes is  o f  
competence-associated p o ly p e p t id e s ,  as t h a t  observed when competence 
developed s p o n ta n e o u s ly .  I t  can be co n c lu d e d ,  t h e r e f o r e ,  t h a t  In iL_ 
pneumonia and S*. sanguis, these events are not dependent on a s p e c i f i c  
ce l  I dens i ty .
I t  Is more d i f f i c u l t  t o  demonstrate t h a t  competence Is Independent 
f rom ce l  I t l t r e  I n f L  s u b t l  I I s . The g ro w th  reg I mens wh Ich have been 
des igned t o  produce maximal  competence In B. s u b t l I  Is  (40,54) demon­
s t r a t e  t h a t  th e  deve lopm en t  o f  competence occu rs  near th e  s t a t i o n a r y  
phase o f  growth. I t  Is probable t h a t  e a r l y  spo ru la t lon  events are a lso  
Induced In these n u t r i e n t  depleted c u l tu re s .  Based on the observat ion 
t h a t  some mutants d e f i c i e n t  In s p o ru la t lo n  are a lso poor ly  t ransformed, 
Young and S p lz l z e n  (55) p o s t u l a t e d  In 1961, t h a t  competence In B. sub­
t l  I I s Is  a s s o c ia te d  w i t h  t h e  e a r l y  eve n ts  o f  spore  f o r m a t i o n .  The 
ex ten t  o f  Interdependence between these two pathways o f  d i f f e r e n t i a t i o n  
has not been determined.
This question might be p a r t i a l l y  resolved by moni tor ing  the syn­
the s is  o f  competence-associated p o ly p e p t id e s  f o l l o w i n g  th e  p re c o c io u s  
Induction o f  competence by a competence fa c to r .  The ex is tence o f  a EL 
s u b t l I  Is competence fa c t o r ,  w i th  the a b i l i t y  t o  acce lera te  development 
o f  competence, has been suggested by the observat ion th a t  competence ap­
pears e a r l i e r  In c u l tu re s  grown In supernatants removed from competent 
c u l t u r e s  (56) . However, th e s e  c u l t u r e s  a l s o  e n te r  s t a t i o n a r y  phase 
p r e m a tu r e ly .  A t te m p ts  t o  sup p lem en t  th e  c u l t u r e  medium and p ro lo n g  
growth were p a r t i a l l y  successful In separating the development o f  compe­
tence from s ta t io n a ry  growth,  but resu l ted  In the severe depression o f  
t r a n s f o r m a b i I  I t y .  I t  would appear,  t h e r e f o r e ,  t h a t  t h e  B. s u b t l I  Is
competence f a c t o r  In I t s  p re s e n t  s t a t e  o f  u n d e rs ta n d in g  w i l l  no t  be 
usefu l In t h i s  respect.
The study o f  B. s u b t l I  Is competence-associated p ro te in  syn thes is  Is 
complicated by the f a c t  t h a t ,  In maximal ly  competent c u l t u r e s ,  o n ly  IQ- 
20? o f  th e  ce l  Is a re  com p e te n t  (57). I t  has no t  been d e te rm in e d  I f ,  
p r o t e i n  s y n th e s i s  o f  n o n -co m pe te n c e -a s s o c Ia te d  p r o t e i n s  Is  s e v e r e l y  
depressed tn f k  s u b t l I  Is  as I t  Is  In j k  pneumonIae (47,50) and i k  
sanguis (48). A h igher percentage o f  competent c e l l s  can be obta ined by 
f r a c t i o n a t i n g  th e  c u l t u r e  on g r a d i e n t s  o f  R e n o g r a f f l n  (58 ,59) .  Th is  
method Is  based on th e  f a c t  t h a t  com pe ten t  ce l  Is a re  less  dense than 
most o f  t h e  no n -co m pe ten t  p o p u la t i o n .  An a n a l y s i s  o f  com petence-  
associated po lypept ides In c e l l s  f ra c t io n a te d  In Renograf f ln  g rad ien ts  
In d ic a te d  t h a t ,  a number o f  c o m p e te n c e -a s s o c ia te d  p o l y p e p t i d e s  were 
synthesized predominant! y In t h e  com pe te n t  f r a c t i o n .  Many r a d l o l s o -  
t o p l c a l l y  la b e led  p o l y p e p t i d e s  n o t  a s s o c ia te d  w i t h  competence,  were 
p re s e n t  as w e l l  (37).  However, t h i s  shou ld  n o t  be taken  as ev idence  
t h a t  during the development o f  competence In E l s u b t l I  Is a genera l ized 
sup p re s s io n  o f  background p r o t e i n  s y n t h e s i s  does no t  o c c u r  s i n c e  th e  
deve lopm en t  o f  competence In B. s u b t l I  Is  c u I t u r e s  Is  asynchronous.  
Smith  e t  a I . (57) employed a 1.5 h labe l  I ng p e r io d  In t h e i r  I n v e s t i g a ­
t io n .  Undoubtedly, many c e l l s  Incorporated rad io iso topes  In to  p ro te in  
before the I n i t i a t i o n  o f  d i f f e r e n t i a t i o n  to  competence.
The development o f  competence In Jk sub t l  I Is r e s u l t s  In the spon­
taneous Induction o f  lysogenlc bacter iophage (60). Since n o n - In fec t lo us  
prophage are  u b i q u i t o u s  In B. s u b t l I  Is  (61) ,  I t  Is  p ro b a b le  t h a t  a 
number o f  the competence-associated po lypept ides detected In t h i s  study 
r e s u l t e d  f rom  th e  c o n c o m i ta n t  a c t i v a t i o n  o f  genes s p e c i f i e d  by these
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d e f e c t i v e  lysogens .  In a t  l e a s t  one In s ta n c e ,  t h i s  Is known t o  o c c u r .  
The gene t ic  In fo rm a t ion  c o n t r o l l i n g  the expression o f  a DNA m o d i f i c a t io n  
system which Is Induced dur ing the  development o f  competence has been 
located w i t h in  the genome o f  the d e fe c t iv e  prophage SP0 (62). However, 
EL. s u b t l I  Is s t r a in s  which do not ca r ry  the d e fe c t iv e  prophages PBSX and 
SP0, develop competence no rm a l ly  (62). Therefore , the p ro te ins  spec i ­
f i e d  by th e s e  phage a re  n o t  o f  p r im a r y  Im p o r tance  In t h i s  s tu d y .  The 
I d e n t i f i c a t i o n  o f  the se  p r o t e i n s ,  however , w i l l  ai d In c a t e g o r i z i n g  
t r a n s f o r m a t i o n - d e f i c i e n t  s t r a i n s  wh ich  a re  a l t e r e d  In th e  abI I I t y  t o  
I nduce prophage.
Competent c u l tu re s  con ta in  an elevated level o f  one f i t  s u b t l I  i s . 
DNA-dependent ATPase (30).  The p h y s ic a l  p r o p e r t i e s  o f  t h i s  enzyme 
(monomeric MW = 108,000? pHj = 5) resem b le  tho se  o f  a com petence-  
associated po lypep t ide  I d e n t i f i e d  in t h i s  study (monomeric MW = 100,000; 
pHj = 5.46) (see Tab le  1 and F ig .  5). I t  has been suggested t h a t  t h i s  
enzyme may fun c t io n  dur ing the recombination o f  donor t rans fo rm ing  DNA 
and the  host chromosome. The enzyme Increases the fo rm at ion  o f  s tab le  
D - loo ps  between s i n g l e  s t ra n d e d  DNA and homologous c i r c u l a r  DNA (30) 
ac t ing  s i m i l a r l y  t o  the £*. col I recA p ro te in  (63-65).
Two-D I mens I onal  Zymogram AnaJya±s. a± Nus.l eases from Com p a ls.n l EL 
s u b t i l  Is fifi21
Comparison Q± 201  nucleases ±fi  p rev ious ly  characte r !zed EL. SUbt . l l . is 
nucleases. Lysates prepared from competent SB25 c u l tu re s  were analyzed 
f o r  r e n a t u r a b le  nuc lease  a c t i v i t y  by tw o - d im e n s io n a l  zymogram (2DZ) 
ana lys is  (38). Nuclease a c t i v i t y  was compared using na t ive  (Fig 7) and
O j .
denatured (Fig 8) c a l f  thymus DNA fo l lo w in g  a c t i v a t io n  by A, Mg^ ; B, 




Fig 7. D iva len t ca tio n  a c tiv a tio n  prof I le of renaturab le nu­
cleases a c tiv e  against native  c a lf  thymus DNA In competent 
cultures of fL. subtlI Is. Pattern of ethldlum bromide fluores­
cence fo llow ing  ren atu ra tlon  and a c tiv a tio n  of nucleases In a 
gel containing native ca lf thymus DNA. Approximately 350 pg of
prote in  prepared from a
was subjected to two-dimensional, NEPHGE-SDS, electrophoresis  
and analyzed for nuclease a c tiv ity . Activation buffer contained 
A, Mg^" at 2mM. Approximately 175 pg of protein was subjected 




Fig 8. D iva len t cation  a c tiv a tio n  prof I le  of renaturab le nu­
cleases active against denatured c a lf  thymus DNA In competent 
cultures of fit subtlI Is. Pattern of ethfdlum bromide fluores­
cence fo llow ing  ren atu ra tlon  and a c tiv a tio n  of nucleases In a 
gel containing denatured ca lf thymus DNA. Approximately 350 pg
of protein prepared from a competent culture of B. subtlI Is SB25 
was subjected to two-dimensional, NEPHGE-SDS, e lectrophoresis  
and analyzed for nuclease a c tiv ity . Activation buffer contained 
A, mg2 j B, Ca2+; C, Mnz+; and D, Mgz , Caz , and Mnz a t 2 mM. 
Approximately 175 pg of protein was subjected to SDS-electropho- 
res ls  alone, along the r ig h t edge of gels A, Gf and C.
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Fig 9. Cd -a c tiv a te d  renaturable nucleases In competent cul­
tures of fL. subtl11s a c tiv e  against native  c a lf  thymus DNA. 
Pattern of ethldlum bromide fluorescence following renaturatlon 
and a c tiv a tio n  of nucleases In a gel containing native  c a lf  
thymus DNA. Approximately 350 pg of pro te in  prepared from a 
competent c u ltu re  o f EL. subtl11s SB25 was subjected to  two- 
dim ensional, NEPHGE-SDS, e lectrophoresis and analyzed fo r nu­
clease a c tiv ity  supported by Cd .
/'
t o t a l  o f  83 d is c re te  nucleases were detected.  A numerical assignment Is 
given to  each nuclease In Figs 10 and 11. The d i s t r i b u t i o n  o f  nucleases 
b e lo n g in g  t o  I n d i v i d u a l  a c t i v i t y  c la s s e s  (d e s c r ib e d  In Tab le  I I I )  Is 
p resen ted  In F ig  12. The c h a r a c t e r i s t i c s  o f  th e  nuc leases  a re  sum- 
marI zed In Tab Ie I I I . A l l  t e r a t u r e  su rvey  o f  B. s u b t l I  Is  nucI eases I s 
presented In Table IV. Subunit  molecular  weight  and subs t ra te  p r e fe r ­
ence were the p r imary  c h a r a c t e r i s t i c s  considered In a t tem p t ing  to  Iden­
t i f y  th o s e  fL. s u b t l I  Is nucI eases w h ich  have been p r e v l o u s I y  r e p o r te d  
w i t h i n  th e  2DZ p a t t e r n .  The c a t i o n  a c t i v a t i o n  p r o p e r t i e s  a re  a less 
r e l i a b l e  means o f  comparison as t h i s  may vary w i th  re a c t io n  cond i t ions  
and can be markedly Inf luenced by minor con taminat ion  In a prepara t ion .
Ol
2DZ nuc leases  55, 53 and 51 c l o s e l y  match th e  Ca - a c t i v a t e d ,  
s lng le -s t randed-DNA-spec l f Ic  endonuclease described by C la r roch i  e t  a I . 
(66) and CoblanchI s±  a l . (67). A Ca^+-a c t Iv a te d  nuclease w i th  subun i t  
molecular we igh t  and sub s t ra te  s p e c i f i c i t y  Ide n t ica l  t o  t h a t  o f  2DZ nuc­
lease 62 has been d e s c r ib e d  (78).  T h is  n uc lease ,  r e p o r t e d l y ,  (78) 
r e t a i n s  40% o f  I t s  a c t i v i t y  In t h e  presence o f  10 mM EDTA. There Is 
p resen t ly  no evidence f o r  Ca^+-Independent a c t i v i t y  f o r  2DZ nuclease 62. 
However, p a r t i a l  ca t ion  Independence has not been ru led ou t ,  s ince the 
le v e l  a t  wh ich  t h i s  enzyme was observed was c lo s e  t o  th e  l i m i t  o f  
de tec t ion  In the 2DZ ge l .
2DZ nuc lease  2 behaves, In many r e s p e c t s ,  l i k e  th e  s p o r u l a t l o n -  
a s s o c la te d  e x t r a c e l l u l a r  nuc lease  c h a r a c t e r i z e d  by A k r lg g  (84) . The 
I s o l o n l c  pH (pHj)  o f  nuc lease  2 Is 4.8, I d e n t i c a l  t o  t h a t  r e p o r te d  (84) 
f o r  th e  e x t r a c e l I u I a r  enzyme. In a d d i t i o n ,  when e I e c t r o p h o r e s I s  Is 
conducted In pH g rad ien ts ,  ne i th e r  enzyme forms a d is c re te  sharp band. 
Th I s tendency t o  s t r e a k  Is ve ry  pronounced d u r In g  non-equI  I I b r I  urn pH
TABIF I I I .  A c t iv ity  Classes and Physical C h a ra c te r is tics  o f Renalurable Nucleases In fi* subt lM s 
Ident I f led by Two-dimensional Zymogram A n a lys is
P rIm ary 
Cation
«g
S u b s tra te 8 A c t iv i t y Secondary nuclease mwb M o b ility In h ib it  Ion
Preference Class Cation / tx lO '3) NEPIIGE/ on
tysoryme Mixed Cat Ion Gel
N A >Mn 71 75.0 0.37 4
0 B none 11 19.0 0.56 4
15 20.0 0.50 4
35 25.5 0.45 4
38 27.5 0.30
39 27.5 0.26
41 28.0 0.33 4
42 28.0 0.30 4
43 29.0 0.20









76 60.0 0.05 4
78 97.0 0.08
79 97.0 0.05 4
83 30.0 0.04 4
>Mn 25 24.0 0.28
55 36.0 0.29
C =Mn 80 100 0.05
81 150 0.04










>Hn>Mg 54 37.0 0.21
E =t4n 82 150 0.05
N F >Hn 73 78.0 0.23
>Hn>Ca 66 62.0 0.23










a. N, na tive  OHAj 0 , denatured DNA
b . estimated to  nearest 500
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F ig  10. Schemat ic  p r e s e n t a t i o n  o f  r e n a t u r a b le  nuc leases in competent  B. 
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F ig  11. Schematic  p r e s e n t a t i o n  o f  r e n a t u r a b le  nuc leases In competent  iL_ 
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A c t i v i t y  classes o f  renaturab le  nucleases In competent subtl11s 
s. S p e c i f i c  c h a r a c t e r i s t i c s  o f  a c t i v i t y  c la s s e s ,  based on c a t i o n  
on p r o f i l e s  and substra te  preferences are given In Table I I I .
CJT
T a b le  IV .  A S m e a ry  o f  R ep o rte d  B a c i 1Ju» s u n t i 1 1 » n u c le a s e *
Cat l u l a r a 
L o c a t io n
Moda6  
o f  A tta c k
S u b s tra te 0 C a t io n s
6
C o fa c to rs
N a t iv e  
X I 0  3
S u b u n it
.
X10 3
pH o p t pH f R e fe r *











6 6 -7 3
e R 7 .3 74









i Exo 0 M n,Ca,M g 200 56 7 .0 - 7 . 3 78
i Endo N>0 MgX4n 31 1 5 .2 8 . 0 - 9 . 0 79
i Endo Mg,Mn 66 6 . 0 - 8 . 3 79
i Endo Mg,Mn 66 6 . 0 - 6 . 3 80
j Exo 0 Hg>CaX*» 7 . 5 - 8 . 0 81
i Endo D ,N ,R ^ > C a 1 0 -1 2 8 .0 82
i Exo NX) Mg,Mn 35 9 .5 83
E Endo NX) MnX*g>CdXfe 12 7 .5 4 . 8  84
P Endo NX) Mn>Mg 46 8 5 ,8 6











I Exo 0 "3 1 6 0 -1 7 0 166 7 .4 8 7 ,8 8
I Endo AP Ca 89-9 1
1 G ly c o s id e s *
U r a c i l
0
N
n o t  R
none 24 24 7 . 3 - 7 . 8 89-91
1 Endo AP
N
none 53 56 8 .0 92
I Endo AP
NX)





s i t e
s p e c i f i c
S-GGCC-3*
3'CCCaS-3»
*g 70 7 .4 9 6 ,9 7
1 Endo
s i t e
s p e c i f ic
98
1 Exo ^ - i r r a d ia t e d
N,D
Mg 99
1 Exo N Mg.Mo
ATP
300 155 4 
M 0
9 .6 -1 1 5 .8 5  3 3 -3 5  
1 0 0 -1 0
1 Endo
s i t e
s p e c i f ic
R M g,Mn,Ca 
o r p o ly a e ln e s
7 . 0 - 8 . 5 103
a .  I ,  I n t r a c e l l u l a r ;  E , e x t r a c e l l u l a r ;  P ,  p e r lp la s m lc
b . Endo; e n d o n u c le a s e , e x o ; e x o n u c le a s e
c .  R , RHA; 0 ,  d e n a tu re d  DNA; N , n a t iv e  ONA; U v 'd , u l t r a v i o l e t  I r r a d ia t e d ;  AP, a p u r ln lc  o r  a p y r lm ld ln lc  DNA
g r a d i e n t  e l e c t r o p h o r e s i s  (see F ig .  7 and 8). I t  is  t h e  o n l y  enzyme 
which m ig r a te s  In t h i s  manner. The r e s u l t s  o f  a r e c e n t  s tu d y  on the  
membrane bound fo rm  o f  s u b t l  I Is  ct-amy I ase (104) Is o f  I n t e r e s t  I n 
t h i s  con text .  H ighly  p u r i f i e d  membrane-derived ct-amylase con ta ins  phos­
p h o l i p i d .  The p h o s p h o l l p l d - a - a m y la s e  complex Is n o t  d I s s o c I  a ted by 
T r i t o n  X-100 and Is p a r t i a l l y  In s e n s i t i v e  to  SDS. However, the presence 
or absence o f  the phosphol ip id  component does not a f f e c t  the m o b i l i t y  of  
the p ro te in  dur ing SDS e le c t ro p h o re s is  (104). A complex w i th  a h ig h ly  
charged component would exp la in  the unusual e le c t ro p h o r e t i c  behavior of  
2DZ nuclease 2 during NEPHGE.
Since Cd^+, has been r e p o r te d  (84) t o  a c t i v a t e  th e  e x t r a c e l l u l a r
enzyme, rena tu rab le  fi*. s u b t l 1 1s nucleases were analyzed f o r  a c t i v a t io n
7+by Cd . The nuclease p a t te rn  (Fig 9) Ind ica tes  th a t  nuclease 2, along 
w i t h  a t  l e a s t  5 a d d i t i o n a l  nuc leases  (2DZ nuc leases  18, 19, 30, 34 and 
54), are ac t iva ted  by Cd^+.
Although s i m i l a r  in many c h a r a c t e r i s t i c s ,  the e x t r a c e l I u I a r  enzyme 
and 2DZ nuclease 2 appear to  d i f f e r  In molecu lar  weight .  The e x t r a c e l ­
l u l a r  nuclease Is repor ted t o  have a na t ive  molecular  weight o f  12,000 
(determined by gel f i l t r a t i o n )  w h i le  the subun i t  molecular  we igh t  o f  2DZ 
nuc lease  2 (d e te rm in e d  by SDS e I e c t r o p h o re s  I s) Is  17,000. I t  Is pos­
s i b l e  t h a t  the  a p p a re n t  d i f f e r e n c e  In m o le c u la r  w e ig h t  between 2DZ 
nuc lease 2 and th e  Mn - a c t i v a t e d ,  e x t r a c e l l u l a r  enzyme d e s c r ib e d  by
Akrlgg (84) r e f l e c t s  the methods used to  es t im a te  molecular  weight.
7+2DZ nuclease 24 resembles a Mg^ - a c t i v a te d ,  a p u r in lc  s I t e - s p e c I f I c  
nuc lease  r e c e n t l y  i d e n t i f i e d  in B. sub11 I i s (93 ,94 ) .  The a c t i v i t y  o f  
2DZ nuc lease  24 was o n ly  d e te c te d  In g e ls  c o n t a i n i n g  dena tu red  DNA. 
Th is  Is c o n s i s t e n t  w i t h  th e  p o s s i b l l  I t y  t h a t  the y  a re  th e  same enzyme
s ince a l im i te d  number o f  ap u r ln lc  s i t e s  were Introduced In to  DNA sam­
ples which underwent denatura t lon  by b o i l i n g  (105).
The competence-associated nuclease described by Burke and Splzlzen 
(79) was not observed In standard ge ls  nor In ge ls  preincubated w i th  3M 
guanfdfne HCI (data not shown), a t rea tm en t  which re p o r te d ly  (79) a c t i ­
va tes  t h i s  enzyme. T h is  Is  n o t  e n t i r e l y  s u r p r i s i n g  s in c e  th e  enzyme 
appears t o  a c t  on I y once and r e s u l t s  In a l i m i t  p r o d u c t  o f  10^ MW. In 
a d d i t io n ,  no nuclease w i th  c h a r a c te r I s t l c s  l i k e  those described f o r  the 
exonucI ease a c t  I v I t y  o f  JLr. s u b t l I  Is  po lymerase  I I I  (po I I I I )  ( 87,88) 
was detected.  Since pol I I I  Is a monomeric p ro te in ,  f a i l u r e  t o  de tec t  
I t  was probably due t o  one or  more o f  the f o l lo w in g  reasons. The enzyme 
Is s e n s i t i v e  to  N-ethyI male! mlde and, th e re fo re ,  may have been p a r t i a l l y  
or t o t a l l y  Inac t iva ted  during sample p repara t ion .  Secondly, I t  hydro­
lyzes s in g le  stranded DNA e x o n u c Ie o Iy t le a l l y ,  from the 3’ end on ly ,  and 
Is maximally a c t iv e  on small  molecular weight DNA fragments (e.g. son i ­
cated DNA). L a s t ly ,  I t  does not appear t o  hydrolyze DNA In a process Ive 
manner. Instead, I t  complexes b r i e f l y  w i th  I t s  subs t ra te ,  hydro lyz ing 
s h o r t  s t r e t c h e s  o f  DNA w i t h  each I n t e r a c t i o n  (87, 88). For the se  re a ­
sons I t  Is l i k e l y  t h a t  t h e  exonuc I eo I y t  I c a c t  I v I t y  o f  s u b t l  I I s Po I 
I I I ,  under the general 2DZ cond i t ions  employed, would be l im i te d .  How­
ever, t h i s  enzyme Is capable o f  rega in ing a c t i v i t y  f o l lo w in g  SDS e lec ­
t ro pho res is  s ince Spanos g± a l . (106) have detected B*. sub t l  I Is Pol I I I  
exonuc I eo l y t i c  a c t i v i t y  In SDS gels  con ta in ing  C ^ P H ^ 'e n d - l  abel ed sub­
s t r a te  by moni tor ing re lease o f  the labe l .  The remaining repo r ts  o f  B. 
s u b t l I  Is nucleases which do not re qu i re  a spec ia l ized  subs t ra te  or ATP 
as a c o fa c to r  have not Included subun i t  s t r u c tu re  or  molecular weight 
de te rm ina t ion  making f u r t h e r  comparison Impossible.
A n a ly s i s  ± M  2QZ nug.lease, p a t t e r n . The 2DZ nuc lease  p a t t e r n  
revea I s a g r e a t e r  number and v a r l  e t y  o f  nuc I eases I n s u b t l  I I s than 
p r e v i o u s l y  I d e n t i f i e d  by s ta n da rd  f r a c t i o n a t i o n  and I s o l a t i o n  p ro c e ­
dures. Categor iza t ion  o f  the nucleases on the basis o f  c a t io n  a c t i v a ­
t i o n  and s u b s t r a t e  p r e fe r e n c e  (see F ig  10-12 and Tab le  I I I) leads t o  a 
l i k e l y  exp lanat ion f o r  t h i s  c o m p le x i t y .  The c l u s t e r i n g  o f  nuc leases 
w i th  s i m i l a r  o r  Id e n t ica l  c a t a l y t i c  requirements In the two-dimensional  
pa t te rn ,  suggests t h a t  a number o f  enzymes may occur In m u l t i p l e  forms. 
This has not been confi rmed by d i r e c t  I s o la t io n  and examination o f  the 
nature o f  these p o te n t ia l  heterogeneous forms. However, I t  Is useful as 
a working hypothesis In the fo l l o w in g  discuss ion.
M u l t i p l e  nuclease forms which d i f f e r  In molecular weight  were the 
most f r e q u e n t l y  encoun te red .  T h is  was somet imes accompanied by an 
a l t e r a t i o n  which In f luenced m o b i l i t y  during NEPHGE. A predominant form 
of  p o s t - t r a n s la t io n a l  m o d i f i c a t io n  which re s u l t s  In a change In molecu­
l a r  w e ig h t  In b a c t e r i a  r e s u l t s  f rom  p r o t e o l y t i c  p r o c e s s in g .  P o s t ­
exponent I a I g ro w th  phase cu I t u r e s  o f  B. s u b t l  I I s syn thes  Ize a d I ve rse  
group o f  proteases In copious amounts (107-114). To reduce the l i k e l i ­
hood t h a t  d i f f e r e n t  enzyme fo rms a re  be ing genera ted  d u r in g  sample 
p r e p a r a t i o n ,  th e  samples were Iysed In th e  presence o f  a number o f  
p ro te a s e  I n h i b i t o r s  w h ich ,  In c o m b in a t io n ,  a c t  on a l l  t h e  ty p e s  o f  
p ro teases  re p o r te d  In s u b t l I  Is t o  da te  (107-114) .  The r e l a t i v e  
p r o p o r t i o n s  o f  m u l t i p l e  nuc lease  fo rm s showed I I t t l e  v a r i a t i o n  In an 
ana lys is  o f  4 separate samples o f  competent c e l l s  (see mutant ana lys is ) .  
This suggests th a t  e i t h e r  the d i f f e r e n t  forms p r e - e x is t  In c e l l s  or t h a t  
changes due t o  p r o t e o l y t i c  c leavage  d u r in g  sample p r e p a r a t i o n  are 
I ImI ted  and c o n t r o I I e d .  The In d u c t io n  o f  a t  I e a s t  one I n t r a c e  I l u l a r
protease during sp o ru la t lo n  In fi*. s u b t l I  Is r e s u l t s  In an Increased ra te  
o f  p ro te in  tu rnove r  and s l t e - s p e c l f I c  p r o t e o l y t i c  cleavage o f  a precur­
sor form o f  a spore coa t  p ro te in  (111-114). Competent I k  s u b t l I  Is c e l l s  
re sem b le ,  In some p r o p e r t i e s ,  e a r l y  s p o r u l a t l n g  c e l l s  (115) . I t  Is  
poss ib le  t h a t  spo ru la t lon -assoc la ted  proteases are respons ib le  f o r  the 
m u l t ip l e  enzyme forms observed. However, an examination o f  the he tero­
gene i ty  o f  nucleases In l o g a r i t h m ic a l l y  growing c u l tu re s ,  w h i le  Incom­
p le te ,  has not supported t h i s  conclus ion (see Fig. 13).
In some Instances, p a r t i a l  subun i t  assoc ia t ion  may p e r s i s t  I f  pro­
t e i n  samples are  n o t  bo l  I ed I n th e  p resence o f  SDS (20,116) .  T h is  pos -  
s l b l l l t y  has not been examined because heating samples, which con ta in  
res idua l  urea from the f i r s t  dimensional e le c t ro p h o re t i c  ana lys is ,  would 
produce Isocyanate r e s u l t i n g  In carbamyI a t I  on o f  f ree  amino groups. The 
two-dimensional pa t te rn  was examined f o r  nucleases w i th  apparent molecu­
la r  weights t h a t  were some m u l t i p l e  o f  a nuclease w i th  s i m i l a r  c a t a l y t i c  
requirements and m o b i l i t y  dur ing NEPHGE. The 11 nuclease pa i rs  which 
show such p o te n t ia l  r e la t i o n s h ip s  are summarized In Table V.
Covalent m o d i f i c a t io n  o f  amino acid s ide chains may exp la in  mul­
t i p l e  enzyme forms f o r  which on ly  a charge d i f fe re n c e  can be detected.  
A wide range o f  c o v a le n t ly  modi f ied amino acids have been Id e n t i f i e d  In 
ba c te r ia  (see fo r  example re f .  117-120). The number o f  nucleases which 
p o ten t ia l  ly  e x h ib i t  t h i s  type o f  m I c ro h e te ro g e n e  I t y  Is l i m i t e d  (Tab le  
V I) .  The f a c t  t h a t  I t  Is n o t  w idesp read  reduces th e  l i k e l i h o o d  t h a t  
they are due to  random a r t ! f a c t u a l  m o d i f i c a t io n  o f  p ro te ins .
A number o f  nuc lease  a c t i v i t i e s ,  d e te c te d  In g e ls  a c t i v a t e d  w i t h  
Mn^+ alone, were not observed In ge ls  ac t iva ted  by Mn^+ In combination 
w i th  Mg^+ and Ca^+ (see In p a r t i c u l a r  the Intense a c t i v i t i e s  correspond-
Tab le  V. Nuc leases w h ich  may r e s u l t  f rom p e r s i s t a n t  s u b u n i t  
I n te rac t lo ns
Mucleasa £ ,
(mol. wt.  x 10 )







36 44 46 65
(27) (30) (31) (61.5)
I
Table V I .  I d e n t i f i c a t i o n  o f  Nuclease Pairs  D i f f e r i n g  Only 
tn M o b i l i t y  During NEPHGE
A c t i v i t y  Mob 11I ty
Class Nuclease# MW X 10"-5 NEPHGE/Lysozyme












1 9 18.5 0.22
8 18.0 0.19
7 18.0 0.15








9+fng +o th e  Mrn - a c t i v a t e d  nuc lease  c l u s t e r  I n c lu d in g  2DZ nuc leases  
18,19,20,23, and 27). The co m p e t i t i v e  I n h ib i t i o n  o f  nucleases by Incom­
p a t ib le  d i v a le n t  ca t ions  Is not unusual, however, an In te re s t in g  a l t e r ­
na t ive  exp lanat ion e x is ts .
Mn^+ can have a profound In f luence  on the re ac t ion  mechanisms o f  a 
heterogeneous group o f  enzymes which In te ra c t  w i th  DNA. These Include
O j .
DNA and RNA po lym erases  where Mn'1 promotes  th e  m I s I n c o r p o r a t  I on o f  
r ibonuc leo t ides  (121) and deoxyrIbonucleot ldes (122), re s p e c t iv e ly .  In 
add 11Ion, Mg^ - a c t I v a t e d  DNase I t y p I c a I  Iy  proceeds by a "doub I e h i t "  
mechanism In which on ly  one strand o f  the double h e l i x  is  cleaved a t  a 
t im e .  In th e  p resence o f  Mn^+, Ca^+ o r  Co^+, DNase I s im u l t a n e o u s l y  
cleaves both strands (123). Several r e s t r i c t i o n  endonucleases a l t e r  or 
lose t h e i r  s p e c i f i c i t y  when Mn^+ Is s u b s t i t u t e d  f o r  Mg^+ (124-125) .  
Th is  Mn^+ e f f e c t  Is  n o t  an a b s o lu te  f e a t u r e  o f  al I s I t e - s p e c  I f  I c r e ­
s t r i c t i o n  enzymes. N e v e r th e le s s ,  I t  Is  no t  known how w idespread a 
phenomenon I t  Is. I t  might be Imagined t h a t  these Mn^ -a c t iv a te d  nu­
c lea ses  were no t  d e t e c t a b l e  In mixed c a t i o n  g e ls  as a r e s u l t  o f  an 
a l t e r e d  r e a c t i o n  mechanism. The end p ro d u c t  o f  Mg^+- a c t I v a t e d ,  
sequence-speci f ic  hyd ro lys is  might be too large to  d i f f u s e  from the ge l ,
Ox
whereas re  I axed s p e c i f i c i t y  In th e  p resence o f  Mn^ m ig h t  resu11 I n a 
d i f f u s i b l e  product.  A number o f  r e s t r i c t i o n  enzymes have been detected 
In B*. subt l  I Is (95-97) but have not been p h y s ic a l l y  charac te r ized .  One 
of  these, Bsu, decreases I t s  subs tra te  s p e c i f i c i t y  a t  low Ion ic  s t rength  
and high pH and high g lyce ro l  concent ra t ion  (126). Under these condi­
t i o n s  I t  c lea ve s  a t  t h e  d l n u c l e o t l d e  sequence NGCN r a t h e r  than  th e  
te t ra n u c le o t ld e  GGCC recognized under standard cond i t ions .  Bsu a c t i v i t y
Ox
has no t  been examined In th e  presence o f  Mn^ . However, EcoR I s i t e -
by
s p e c i f i c i t y  Is re laxed In the presence o f  Mn^+ (124) o r  under cond i t ion s  
very s i m i l a r  to  those a f f e c t i n g  Bsu s p e c i f i c i t y  (127).
A s i m i l a r  c lass  o f  Ca^+-a c t lv a te d  nucleases were detected In the 
presence o f  Ca^+ alone, but were Ina c t ive  In ge ls  Incubated w i th  Ca^+, 
Mn^+ and Mg^+. The p o s s i b i l i t y  e x i s t s  t h a t  the se  enzymes r e f l e c t  a 
s i m i l a r  c a t l o n - s p e c l f I c  e f f e c t .  However, s ince these a c t i v i t i e s  are a l l  
near th e  I I m l t  o f  d e t e c t i o n ,  I t  would seem t h a t  c o m p e t i t i v e  c a t i o n i c  
I n h ib i t i o n  Is an eq ua l ly  p la u s ib le  exp lanat ion.
Nuclease A c t i v i t y  Assoc 1 ated !d±h Competence l a  Bac i l l u s . sub.tJlL&«
9 +The Involvement o f  Mn nucleases. Scher and Dubnau (85,86) were 
the f i r s t  t o  I d e n t i f y  and p a r t i a l l y  cha rac te r ize  a p e r lp la sm lc ,  Mn^ -  
a c t i v a t e d  endonuc lease f rom  B. s u b t I  I I s . T h is  nuc lease  was shown t o  
p r e f e r e n t i a l l y  hydro lyze na t ive  DNA to  a non-d isc re te  duplex product  o f  
approx imate ly  2 x 10® MW. Scher and Dubnau postu la ted t h a t  t h i s  enzyme 
might be respons ib le  f o r  the c e l l  sur face endonuc leo ly t ic  f ragmenta t ion 
o f  t rans fo rm ing  DNA which Is known to  occur p r i o r  to  uptake. The enzyme 
was Iso la ted from la te  log phase cu l tu re s  In which the level o f  compe­
tence was not determined. However, I t  may have been appreciable.
Recently, evidence has been presented t h a t  supports the p o s s i b i l i t y  
t h a t  pe r lp lasm lc ,  Mn^+- a c t l v a te d ,  nuclease a c t i v i t y  Is Involved In the 
p ro ce ss in g  o f  DNA a t  t h e  ce l  I s u r fa c e  and th e  up take  o f  t r a n s f o r m in g  
DNA. The supernatants from spheroplasts  o f  competent EL s u b t l I  Is con­
t a i n  tw o  Mn^+- a c t I v a t e d  nuc leases .  The monomeric m o le c u la r  w e ig h ts  
determined by SDS e le c t rop ho res is  are 13,000 and 15,000. The 13,000 MW 
enzyme p re do m ina tes .  Severa l  t r a n s f o r m a t l o n - d e f I c l e n t  mutants o f  B. 
s u b t l I  1s r which are  reduced In t h e i r  abI I I t y  t o  b ind  and ta k e  up DNA, 
re lease less o f  these enzymes, as do p h y s io lo g ic a l l y  non-competent c e l l s
60
(20).
We have s tu d ie d  a s i m i l a r ,  I f  no t  I d e n t i c a l ,  nuc lease .  2DZ nu-  
c le a s e  2 r e q u i r e s  Mn and Is most a c t i v e  a g a in s t  n a t i v e  DNA. The 
loca t ion  o f  t h i s  enzyme on the e x t r a c e l l u la r  c e l l  sur face Is Impl ied by 
the f a c t  t h a t  t r a n s fo r m a t io n - d e f i c ie n t  mutants w i th  a reduced level o f  
t h i s  enzyme (see be low )  a re  ph e no typ lea  I Iy  less  a b le  t o  I n a c t i v a t e  
e x t r a c e l l u la r  t r a n s fe c t in g  DNA. The a b i l i t y  o f  In ta c t  s u b t l I  Is c e l l s  
to  reduce the b io lo g ic a l  a c t i v i t y  o f  exogenous DNA was f i r s t  described 
by Hase l t lne  and Fox (18). In a c t i v a t io n  was not observed In con t ro l  ex­
p e r im e n ts  where DNA was exposed t o  c e l l - f r e e  c u l t u r e  f l u i d s .  I t  Is 
poss ib le ,  however, t h a t  a t  some stage fo l lo w in g  competence, t h i s  c e l l
sur face nuclease Is released t o  the medium. As mentioned p rev ious ly ,
7+2DZ nuclease 2 c lo s e ly  resembles a Mn^ -a c t iv a te d  endonuclease which has 
been d e te c te d  e x t r a c e l l u l a r l y  d u r in g  th e  o n s e t  o f  e a r l y  s p o r u l a t f o n  
events  (84).
Comparison o± nuclease 1 eve ls I n  compeTent. and. phy?Io.L-9gicaJ ly  nonr  
competent SB25. To determine whether 2DZ nuclease 2 Is associated w i th  
competence, th e  nuc lease  co m p o s i t io n  o f  competent and p h y s io lo g ic a l l y  
non-competent SB25 were compared. The level of  competence In the two 
preparations d i f f e r e d  by a fa c to r  of  1700. In these samples the concen­
t r a t i o n  o f  lysozyme used to  d i s ru p t  the c e l l s  exceeds t h a t  o f  the t o t a l  
c e l l u l a r  p ro te in .  Since a useful de te rm ina t ion  would be d i f f i c u l t  t o  
o b t a i n ,  a p r o t e i n  sample d e r iv e d  f rom an equal number o f  c e l l s  was 
ana lyzed .  Because 2DZ nuc lease  2 Is such an a c t i v e  nuc lease  In th e  
competent p repara t ions ,  the sample s ize  was reduced t o  approx imate ly  25? 
of t h a t  which was t y p i c a l l y  analyzed. T r i p l i c a t e  samples, con ta in ing  
1.4 x 10® c e l l u l a r  e q u i v a l e n t s  o f  p r o t e i n  f r o m  e i t h e r  com pe ten t  o r
p h y s i o l o g i c a l l y  non -com pe ten t  c u l t u r e s  o f  SB25, were subjected to  2DZ 
ana lys is .  Fo l low ing  SDS removal, the renatured enzymes were ac t iva ted  
w i th  a combination o f  Ca^+, Mg^+ and Mn^+. Nuclease a c t i v i t y  was t e r ­
minated p e r i o d ic a l l y  by t r a n s fe r r i n g  a se t  o f  ge ls  to  f resh  a c t i v a t io n  
b u f f e r  (20 x th e  ge l  v o l )  In wh ich th e  d i v a l e n t  c a t i o n s  had been r e -  
pIaced by an equI m o la r  c o n c e n t r a t i o n  o f  dI sod turn EDTA. A l l  t h e  g e ls  
were photographed a t  t h e  c o m p le t io n  o f  th e  e x p e r im e n t  t o  ensure  t h a t  
d i f f u s i o n  o f  th e  h y d ro ly z e d  DNA o u t  o f  th e  ge l  was c o m p le te .  The r e ­
s u l t s ,  p resen ted  In F ig  13, show th e  nuc lease  p a t t e r n s  f o l l o w i n g  th e  
sho r tes t  (24.5h) and the longest (163h) a c t i v a t io n  t imes.  The a c t i v i t y  
o f  2DZ nuc leases  2, 6, 7 and 9 are c l e a r l y  Inc reased In th e  com pe te n t  
p r e p a r a t i o n .  In a d d i t i o n ,  6 ve ry  b a s ic  nuc leases  (2DZ nuc leases  3, 5, 
10, 12, 16, and 26),  p re s e n t  as s t r o n g  a c t i v i t i e s  In th e  log phase 
sample are  g r e a t l y  reduced ,  o r  n o t  d e t e c t a b le  In th e  c o r re s p o n d in g  
com peten t  p r e p a r a t i o n .  These 6 nuc leases were d e te c te d  In com pe ten t  
p r e p a r a t i o n s  In g e ls  in which a p p r o x im a te l y  f o u r  t im e s  as many ce l  I 
e q u i v a le n t s  o f  p r o t e i n  was ana lyzed (see F ig .  7 and 8). However, th e  
level o f  a c t i v i t y  is s t i l l  not as high as In the log phase prepara t ion .
I d e n t i f i c a t i o n  & i  nucleases w.i.th.l D ± t e  tw o - d fmgnsJ.onaJ. pol.ypgp-ti.djg. 
pa t te rn .  The loca t ion  o f  nucleases w i t h in  the two-dimensional polypep­
t i d e  pa t te rn  was determined In two ways. A r a d lo a c t l v e l y  labeled c e l l  
lysate  from a competent c e l l  c u l t u r e  was analyzed f o r  nuclease a c t i v i t y .  
The p o ly p e p t i d e  p a t t e r n  was then recorded f  Iuorographical  Iy. P ro te in  
d i f f u s io n  p r io r  t o  ac id f i x a t i o n  makes comparison o f  these pa t te rns  t o  
the two-dimensional au torad iographic  pa t te rns  d i f f i c u l t .  Therefore , a 
second approach was taken In which a s in g le  f i r s t  dimension sample was 
s im u l t a n e o u s l y  e I e c t ro ph o re sed  I n t o  two Ide n t ica l  slab ge ls .  The de­
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t a i l s  o f  t h i s  t e c h n iq u e  w i l l  be d e s c r ib e d  e ls e w h e re .  One ge l  was 
analyzed f i r s t  f o r  nuclease a c t i v i t y  and secondly f o r  p ro te in s  by f l u o r -  
ography. The tandem gel was acid f ixed  and the p ro te in s  analyzed f l u o r -  
og ra p h lc a l l y  Immediately fo l l o w in g  e le c t rop ho res is .  Fluorograms from a 
p a i r  o f  tandem g e l s ,  ana lyzed  In t h i s  manner, a re  p resen ted  In F ig  14. 
The e x t e n t  o f  en t ra p m e n t  o r  d i f f u s i o n  f rom  th e  p o l y a c r y la m id e  m a t r i x  
p r i o r  t o  ac id  f i x a t i o n  Is  a r e p r o d u c i b l e  c h a r a c t e r i s t i c  o f  p a r t i c u la r  
p r o t e i n  s p e c ie s .  The near I d e n t i t y  o f  th e  p r o t e i n  d i s t r i b u t i o n s  In 
tandem gels  Is demonstrated In Fig 14C. Therefore , nuclease a c t i v i t y  In 
the se  g e ls  c o u ld  be compared d i r e c t l y  t o  bo th  f I u o r o g r a p h I c  p a t t e r n s .  
By a combination o f  these two approaches the zymogram pa t te rn  was supei— 
Imposed upon the au torad iograph ic  pa t te rn .  Nuclease a c t i v i t y  was te n ta ­
t i v e l y  ascribed to  s p e c i f i c  po lypept ides as shown Is Fig 15.
2DZ nuc lease  2 c o in c id e s  e I e c t r o p h o r e t l e a  I l y  w i t h  a weak a c i d i c  
competence-associated po lypept ide  (monomeric MW=17,000 pHj = 4.8). Many 
nucleases were not detected In the au torad iograph ic  pa t te rns .  Included 
In t h i s  category are the  remaining competence-associated nucleases and 
the nucleases which were s t ro n g ly  e levated In log phase c u l tu re s .  I t  Is 
poss ib le  th a t  these nucleases are e i t h e r  present a t  very low leve ls  or 
are not being a c t i v e l y  synthesized s ince c u l tu re s  which are developing 
competence are not r a p id l y  d i v id in g .  Some o f  these nucleases may repre­
sen t  p r o t e i n s  wh ich  were s y n th e s iz e d  p r i o r  t o  th e  l a b e l i n g  p e r io d .  
T h is ,  however, seems less  I I k e l y  In th e  case o f  th o se  nuc leases  which 
were found t o  be e le v a te d  In log phase c u l t u r e s .  P r o t e i n s  wh ich  are  
r e l a t i v e l y  a c id  s o l u b l e  can d i f f u s e  ou t  o f  po lyacry lamide ge ls  during 
acid f i x a t i o n ,  s ta in in g  and des ta ln lng .  This could exp la in  the f a i l u r e  
to  de tec t  some or a l l  o f  these nucleases In the ra d io a c t iv e  po lypept ide
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Fig 13. Two-dimensional zymogram analysis  o f renaturab le  
nucleases In competent and physiologically non-competent cul­
tures of B. subtl 11 s. Pattern of ethldlum  bromide flu o re s ­
cence following renaturatlon and activation of nucleases In a 
gel containing native  c a lf  thymus DNA. 1.4 x 10 c e l lu la r  
equivalents of pro te in  prepared from A, Cj competent, and B, 
D; p h ys io lo g ica lly  non-competent cu ltu res . A ctiva tio n  of 
nucleases was terminated with EDTA following A, E5: 24.5 h and 
C, D; 163 h In a c tiv a tio n  b u ffe r containing Mg , Caz , and 
Mnz+ a t 2 mM.
/
Fig 14. Comparison of protein pattern and distribution In a pair of tandem gels analyzed prior 
to  or a f te r  nuclease analysts. Fluorographic pattern obtained fo l lowing two-dim ensional, 
NEPHGE-SDS, electrophoresis In a tandem g e l, of a sample containing 1.7 x 10° CPM of acid 
precl pi table E C3- labeled protein prepared from a competent culture of B. subtl I Is. One half 
of the tandem g e l, A, was acid fixed and stained and prepared fo r fluorography Immediately 
fo llow ing  electrophoresis. The other h a lf of the tandem g e l, B, was analyzed fo r nuclease 
ac tiv ity  prior to acid fixation , staining, and fluorographic analysis. C, super!mposItIon of 
fluorograms from A and B.
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Fig 15. Location of nuclease a c t iv i ty  r e la t iv e  to  the auto­
radiographic polypeptide pattern of a radioIsotop le a Ily  labeled 
culture of EL subtlI Is.
I
p a t te r n s .
Three a d d i t ion a l  nucleases co inc ide  e le c t r o p h o r e t l c a l l y  w i th  compe­
t e n c e - a s s o c ia t e d  p o l y p e p t i d e s .  In t h e  s tu d y  In wh ich  th e  nuc lease  
composi t ion o f  competent and non-competent c u l tu re s  was compared (Fig 
13), one o f  the se  nuc leases  (2DZ nuc lease  35) was no t  d e te c te d  and th e  
re m a in in g  tw o  (2DZ nuc leases  25 and 28) were s i  I g h t l y  e le v a te d  In th e  
p h y s lo lo g tc a l l y  non-competent c u l tu re s .  A dd i t iona l  In fo rm a t ion  w i l l  be 
required before the r e la t i o n s h ip  o f  these nucleases t o  competence can be 
determined.
Analy.S-1 s q±  T ransformat ion Def I c Ie n t  Mut a n t s
C h a ra c te r is t i c s  o f  mutants. The t r a n s fo r m a t io n - d e f i c ie n t  mutants 
ana lyzed In t h i s  s tu d y ,  NH03, NH46, NH4603 and NH9103, have been des­
c r i b e d  p r e v i o u s l y  (36 ,39 ) ,  a long  w i t h  th e  manner In wh ich  th e y  were 
Iso la ted (36). A b r i e f  summary o f  t h e i r  c h a r a c te r i s t i c s  Is presented In 
Table V I I .  Phenotypical Iy, these s t r a in s  represent  two classes o f  muta­
t i o n s  a f f e c t i n g  competence. The sen (surface endonuclease” ) phenotype 
Is expressed by mutants NH46, NH4603 and NH9103 which possess a reduced 
a b i l i t y  t o  b i o l o g i c a l l y  I n a c t iv a te  e x t r a c e l l u la r  DNA. Sen mutants are 
c h a r a c t e r l s t l c a l I y  d e f i c i e n t  In t ra ns fo rm a t io n  and t r a n s fe c t io n .  These 
mutations block the conversion o f  DNA, which does bind to  the c e l l s ,  to  
a s ta te  which Is In s e n s i t i v e  t o  deoxyribonuclease. This s ta te  Is pre­
sumed to  be I n t r a c e l l u l a r .  Binding d e f i c i e n t  and p r o f i c i e n t  s t r a in s  are 
represented In t h i s  c lass .  The ten ( c o n s t i t u t i v e  t r a n s fe c t io n  enhance­
ment) mutat ion present In NH03 and NH4603 re s u l t s  In lowered t rans fo rma­
t i o n .  S u s c e p t l b l I I t y  t o  I n f e c t i o n  by b a c te r io p h a g e  DNA, however , Is 
elevated. An Iden t ica l  Increase In t ra n s fe c t io n  can be Induced In the
TABLE VI I .  General P roper t ies  o f  Transformation D e fec t ive  Mutants
Binding Uptake Transformation T ran fec t lon  
NH46 (sen. ±an+ ) -
NH03 (sen+ . t e n ) + + ++
NH9103 (sen. ien.+> +
NH4603 (sen. ±£D.) -  +
p a re n ta l  s t r a i n ,  SB25, by p re -e x p o s ln g  th e  b a c te r iu m  t o  u l t r a v i o l e t  
I r r a d i a t e d  DNA (128,129) .  Ten m u ta n ts ,  u n a f f e c te d  by t h i s  t r e a t m e n t ,  
c o n s t l t u t l v e l y  express the p rope r t ies  which r e s u l t  In enhanced t ra n s fe c ­
t i o n .  T h is  m u ta t io n  a f f e c t s  n e i t h e r  b in d in g  nor  up take  o f  DNA. The 
t r a n s f o r m a t i o n - d e f i c i e n t  s t r a i n s  NH46 (sen t e n +) and NH03 ( sen+ t e n ) 
were obtained by t ra n s fo rm a t io n  o f  SB25 w i th  DNA Iso la ted  from NH4603 
(sen te n ). NH9103 (sen t e n * ) Is an IndependantIy Iso la ted  sen mutant.
Nuclease ana l y s i s  f i i  t r a n s f o r m a t l o n - d e f  Ic.I.ent m .Ulan ±5.. These 
t r a n s f o r m a t i o n - d e f i c i e n t  s t r a i n s  were grown In the competence regime 
along w i th  the t r a n s f o r m a t io n - p r o f i c i e n t  parenta l s t r a i n ,  SB25. Samples 
o f  c e l l u l a r  lysates were prepared and subjected to  SDS e lec t ropho res is  
as described (38) In ge ls  con ta in ing  e i t h e r  denatured c a l f  thymus DNA or 
denatured SP82 bacter iophage DNA. The re s u l t s  o f  the nuclease ana lys is ,  
p resen ted  In F ig  16, d e m o n s t ra te  t h a t  a l I  t h r e e  sen m u ta n ts ,  NH9103, 
NH46, and NH4603, are reduced In the 17,000 MW, competence-associated, 
nuclease as compared to  the  leve ls  seen In the parenta l  s t r a i n  SB25 and 
the sen*  t r a n s fo r m a t io n - d e f i c ie n t  mutant, NH03. The nuclease composi­
t i o n s  o f  NH46, NH4603, and NH03 were a lso  examined fo l l o w in g  two dimen­
s ional  e lec t rop ho res is .  The re s u l t s  o f  t h i s  ana lys is  are shown In Fig. 
17. The sen -  assoc I a ted r e d u c t i o n  In th e  c o m p e te n c e -a s s o c ia te d  nu­
c le a s e  17,000 MW, pHj 4.8 does n o t  appear t o  be as g r e a t  as t h a t  ob­
served in the one dimensional ana lys is .  A la rger  amount o f  p ro te in  was 
analyzed In the two dimensional exper iment. I t  may be t h a t  the nuclease 
concent ra t ion  in both the d e f i c i e n t  and p r o f i c i e n t  s t r a in s  Is s u f f i c i e n t  
t o  sa tu ra te  the nuc le ic  acid substra te .  An a l t e r n a t i v e  exp lanat ion may 
be t h a t  some component which modif ies  the a c t i v i t y  o f  t h i s  nuclease co- 
m lg r a te s  w i t h  I t  d u r in g  SDS e l e c t r o p h o r e s i s  b u t  i s  separa ted  f rom  I t
4  i  ’
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Fig 16. One dimensional zymogram analysis of renaturable nucleases in compe­
tent cultures of transformation deficient mutants of fit subtlI is. Samples of 
&l subtliIs  strains, from le ft  to right, SB25, NH4603, NH03, NH46, and NH9103, 
were subjected to SDS-electrophoresis In gels containing A, Bj denatured ca lf 
thymus DNA, and C, D; denatured SP82 bacteriophage DNA. Ethidium bromide 
fIqorescence pattern following activation of renatured nucleases with A, C; 
Mg2 and Ca2 , and B, Dj Mn2+ a t 2 mM.
ON
00
Fig 17. Two-dimensional zymogram an a lys is  o f  rena+urable nucleases In 
competent c u l tu re s  o f  t ra n s fo rm a t io n  d e fe c t iv e  mutants o f  fL_ s u b t l I  is .  
Approximate ly 350 pg o f  p ro te in  prepared form competent c u l tu re s  o f  A, 
NH03; B, NH46; and C, NH4603; were subjected t o  e le c t ro p h o r e t i c  ana lys is  
in ge ls  c on ta in in g ,  top; na t ive ,  and bottom; denatured, c a l f  thymus DNA. 
P a t t e r n  o f  e t h l d l u m  b ro m id e  f l u o r e s c e n c e  f o l l o w i n g  r e n a t u r a t l o n  and 
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d u r in g  tw o  d im e n s io n a l  e l e c t r o p h o r e s i s .  The actual  q u a n t i t a t i v e  d I f -  
ference represented by these r e s u l t s  cannot be approximated In t h i s  type 
o f  assay. In one I n v e s t i g a t i o n  In which th e  q u a n t i t a t i o n  o f  enzyme 
a c t i v i t y  In s u b s t r a t e  c o n t a i n i n g  g e l s  was s t u d ie d ,  th e  I n v e s t i g a t o r s  
conc luded t h a t  " t h e  d a ta  g i v e  th e  b e s t  s t r a l g h t l  Ine f i t  when th e  cube 
ro o t  o f  the peak area ( r e fe r r i n g  to  a dens i tometer  record ing o f  the area 
In wh ich  th e  s u b s t r a t e  has been h y d ro ly z e d )  Is  p l o t t e d  a g a in s t  th e  
logar i thm o f  the enzyme concen t ra t ion"  (130).
Competence a s s o c ia te d  pol y p e p t ld e s  l a  t r a n s f o r ma t i o n daf.. l f i l f iD± 
m u ta n ts . The t r a n s f o r m a t  Ion d e f i c i e n t  s t r a i n s  NH46 (sen t e n +). NH03 
(sen*  t e n ) . NH4603 ( sen t e n ) and NH9103 (sen t e n + ) were grown and r a ­
ti lo t  sotop leal ly  labeled In the competence regime as described f o r  the 
parental s t r a i n  SB25. Samples o f  c e l l u l a r  lysates were analyzed by tw o-  
dimensional e le c t ropho res is  c o n s i s t i n g  o f  e i t h e r  IEF o r  NEPHGE In th e  
f i r s t  dimension and SDS e le c t ropho res is  In the second dimension. The 
IEF-SDS and NEPHGE-SDS e le c t ro p h o r e t i c  pa t te rns  are presented In Fig 18 
and Fig 19, re s p e c t iv e ly .  The r e s u l t s  o f  t h i s  ana lys ts  are presented In 
Tab le  VI I I and IX. P e p t id e  changes observed In a l  I t h r e e  sen m utan ts  
remain p o t e n t i a l l y  respons ib le  f o r  t h i s  phenotype. I t  Is probable t h a t  
the ad d i t io n a l  In d iv id ua l  changes are not. The Ind iv idua l  d i f fe re n c e s  
between these s t r a in s  w i l l  need to  be confi rmed s ince the competence- 
associated po lypep t ide  composi t ion o f  these mutants has on ly  been ex­
amined once under c o n d i t i o n s  r e s u l t i n g  in s u f f i c i e n t  Incorpora t ion  of  
ra d io a c t iv e  label In to  p ro te in s  t o  enable the de tec t ion  o f  the complete 
Inventory o f  competence-associated po lypept ides.
The same c o m p e te n c e -a s s o c ia te d  p o l y p e p t i d e  (pHj=4.8 ,  17,000 MW) 
which co-mlgra ted w i th  2DZ nuclease 2 during two-dimensional e l e c t r o -
c D
Fig 18. Two-dimensional, IEF-SDS, electrophoretic analysis of 
radioIsotopicaIly labeled competent cultures of transformation 
d efec tive  mutants of B. subtl11 s. Autoradiographic pattern  
obtained fo l lowing e lectrophoresis of samples of A, NH03; B, 
NH9103; C, NH4603; and D, NH46; containing A, B, C: 2 x 10° and 
D; 1,6 x 10 CPM of acid preclpltable C C J-labe led  protein.
c D
Fig 19. Two-dimensional, NEPHGE-SDS, electrophoretic analysis 
of radioIsotopleally labeled competent cultures of transforma­
tion defective mutants of Ba. subtl 1 Is. Autoradiographic pat­
tern obtained following electrophoresis of samples of A, NH03; 
B, NH9103; C, NH46Q3; and D, NH46; containing 2 x 1 0 °  CPM of 
acid preclpltable C C ]-la b e le d  protein.
Table  VI I I .  CompetenceAssocIated P o ly p ep t id es  In T rans fo rm at ion
D e fe c t iv e  Mutants o f  £L_ s u b t l  I Is.
(IEF-SDS Polypeptides)
Molecular I so Ion ic
wt 3:io 3)
pH NH03 NH46 NH4603 NH91 (
17.0 4.80 + — — -
17.5 5.14 + - - -
20.5 5.32 NDa ND ND ND
25.0 6.25 + - - -
31.0 6.46 + +/- + +
33.0 5.98 + ND + +
33.0 5.62 + + + +
33.5 5.24 + + + +
34.0 6.80 + + / - + +
35.0 5.12 + + + +
36.0 4.95 - - - -
36.5 5.00 + - + / - +
38.0 5.12 + + + +
39.0 5.94 + + + +
40.0 5.64 + + + +
40.5 5.18 + + + +
42.0 5.29 + + + +
43.0 5.29 + + + +
50.0 6.85 + + + +
56.0 5.83 + - ++ +
69.0 5.98 - - - -
86.0 5.44 + + / - + +
100 5.46 + + + +
ND -  Not determined
Table  IX. Competence A ssoc ia ted  P o lypep t ides  In Transform at ion
D e fe c t iv e  Mutants o f  fL. s u b t l I  Is
NEPHGE-SDS Polypept ides.
lo 1 ecu 1 ar 
wt_ 
(X10 3 )
Mob 11 I t y  
NEPHGE/ 
Lysozyme
NH03 NH46 NH4603 NH91 (
13.5 0.34 + NDa ND ND
16.5 0.45 + ND ND +
16.5 0.61 + PN I PNI PNI
17.0 0.56 + ND + +
24.5 0.40 + - - -
27.5 0.68 - - - -
35.0 0.35 + - - +
36.0 0.35 + - - +
46.0 0.62 + - - +
48.0 0.32 + - - +
51.0 0.32 + PNI PNI +
58.0 0.30 + + + +
104.0 0.16 + + + +
a. ND -  Not determined
b. PNI -  Present, not Increased
phoresis was not detected In a l l  th ree  o f  the sen mutants examined. I t  
Is l i k e l y ,  th e re fo re ,  t h a t  the  po lypept ide  and the nuclease are the same 
p r o t e i n .  A la rg e  number o f  a d d i t i o n a l  competence-associated polypep­
t i d e s  a re  reduced o r  absen t  In th e s e  s t r a i n s  as w e l I .  T h is  sugges ts  
th a t  the pr imary mutation may res ide  somewhere o ther  than In the  gene 
t h a t  a c t u a l l y  codes f o r  t h e  sen p ro d u c t .  The p r im a r y  m u ta t io n  c o u ld  
a f f e c t  some re g u la to ry  element or  cause premature te rm in a t io n  w i t h in  a 
mu I t l - g e n e  t r a n s c r i p t i o n a l  u n i t  some d i s t a n c e  ups tream f rom  th e  gene 
cod ing  f o r  th e  sen p r o t e i n .  The c o o r d i n a t e  e x p re s s io n  o f  a number o f  
competence associated po lypept ides In sen mutants has been repor ted (36) 
and Is con s ls ta n t  w i th  the l a t t e r  p o s s i b i l i t y .  In a d d i t io n ,  Ralna and 
Ravin (48) have d e te c te d  a la rg e  c o m p e t e n c e - s p e c i f i c  RNA wh ich  th e y  
e s t im a te d  t o  have s u f f i c i e n t  cod ing  c a p a c i t y  t o  acco un t  f o r  a l l  t h e  
competence-associated po lypep t ides  d e te c te d  In S t re p to c o c c u s  sangu I s . 
A l t e r n a t i v e l y ,  the Induct ion o f  one or more competence-associated po ly ­
pept ides may con t ro l  the  subsequent expression o f  a d d i t io n a l  competence- 
associated polypeptides. Consis tent  w i th  t h i s  p o s s i b i l i t y  Is the  f a c t  
t h a t  R a ln a  and R a v in  (48 )  have I d e n t i f i e d  b o th  e a r l y  and l a t e  
competence-associated po lypept ides In sanguIs.
The c o o r d in a t e  s u p p re s s io n  o f  a la rg e  number o f  com petence-  
associated polypeptides Inc lud ing 2DZ nuclease 2, In these sen mutants, 
r a i s e s  th e  q u e s t io n  o f  whe the r  th e  d e f i c i e n c y  In t h i s  nuc lease  Is  r e ­
s p o n s ib le  f o r  t h e  low le v e l  o f  competence e x h i b i t e d  by the se  s t r a i n s .  
Two a I t e r n a t  Ive  poss i b l l l t l e s  a re  t h a t  e l t h e r  th e  d e f I c I e n c y  In t h i s  
nuc lease  In c o m b in a t io n  w i t h  th e  sup p re s s io n  o f  a d d i t i o n a l  s p e c i f i c  
competence-associated po lypept ides re s u l t s  In a loss o f  transformab11 -  
I t y ,  o r  t h a t  the nuclease In I t s e l f  Is unre la ted to  t rans fo rm ab i11 ty  but
Is suppressed s imu l taneous ly  In these s t r a in s  w i th  p ro te in s  essen t ia l  to  
t rans fo rm a t io n .
In Streptococcus pneumoniae mutants d e f i c i e n t  In a membrane bound 
(131) endonuc lease a re  t r a n s f o r m a t  I o n - d e f e c t I v e  (132).  In DNA-agar 
con ta in ing  methyl green, w i ld  type co lon ies  are surrounded by a zone o f  
hydrolyzed DNA whereas Noz mutants ( fo r  no zone) are not. The I d e n t i t y  
of  the nuclease o r  nucleases respons ib le  f o r  s i m i l a r  zones o f  h y d r o l y t i c  
a c t i v i t y  s u r ro u n d in g  B. s u b t l I  Is  coI  on Ies In DNA-agar p l a t e s  Is no t  
known. The physical and c a t a l y t i c  s i m i l a r i t y  between 2DZ nuclease 2 and 
an e x t r a c e l l u l a r  Mn^+-a c t l v a te d  endonuclease suggests t h a t  I t  may con­
t r i b u t e  to  t h i s  a c t i v i t y .  Therefore , I f  2DZ nuclease 2 were essen t ia l  
f o r  t r a n s f o r m a t i o n  we would  p r e d i c t  t h a t  Noz m u tan ts  o f  B. s u b t l I  Is 
would be s i m i l a r l y  t r a n s f o r m a t i o n - d e f e c t i v e .  However, those reported 
(21) a re  normal In t r a n s f o r m a t i o n .  I t  Is  p o s s ib l e  t h a t  the se  m u tan ts  
s t i l l  r e ta in  s u f f i c i e n t  nuclease a c t i v i t y  t o  e f f e c t  t rans fo rm a t ion .  S. 
pneumoniae end mutants w i th  as l i t t l e  as \A% o f  the wI Id - type  level o f  
the membrane-bound endonuclease are t ra ns fo rm a t io n  p r o f i c i e n t  (130).
Joene and Venema (19) have examined the c e l l  sur face f o r  nuc Ieo ly ­
t i c  a c t i v i t y  In competent and non-competent cel Is f ra c t io n a te d  on reno- 
g r a f f l n  g r a d i e n t s .  They d e te c te d  a nuc lease  a c t i v i t y  u n iq u e l y  as­
socia ted w f th  the competent f r a c t i o n  o f  c e l l s  which was released from 
the competent cel Is f o l l o w i n g  p r o t o p l a s t  f o r m a t i o n  and c a ta l y z e d  th e  
re lease o f  acid so lub le  o l ig o nu c le o t id e s  from DNA. This nuclease a c t i ­
v i t y  d id  no t  appear t o  be In vo lve d  In th e  c e l l  s u r f a c e  I n a c t i v a t i o n  
phenomenon. Th is  p e r l p l a s m l c  nuclease a c t i v i t y  was re ce n t ly  examined 
(20) In SDS g e ls  c o n t a i n i n g  n a t i v e  DNA and two c o m p e te n c e -a s s o c ia te d
Ox
nuc leases  were I d e n t i f i e d .  These nuc leases were a c t i v a t e d  by Mn
83
p r im a r i l y ,  and by Mg^+ secondar i ly .  The monomeric molecular weights o f  
these nucleases were repor ted to  be 13,000 MW and 15,000 MW.
We have shown t h a t  th e  le v e l  o f  2DZ nuc lease  2 i s  e le v a te d  in 
competent cel I c u l tu re s  In comparison w i th  p h y s io lo g ic a l l y  non-competent 
c e l l  c u l tu re s .  However, we have not yet  determined i t s  r e l a t i v e  d i s t r i ­
bu t ion between the competent and non-competent c e l l s  e x i s t i n g  w i t h in  a 
com pe ten t  c u l t u r e .  The phenomenon o f  c e l l  s u r f a c e  I n a c t i v a t i o n  o f  
e x t r a c e l  l u l a r  DNA was f i r s t  examined by H a s e l t i n e  and Fox (18).  They 
found, by f r a c t i o n a t i n g  competent and non-competent c e l l s  on g rad ien ts  
o f  re n o g ra f f in  (58,59) t h a t  t h i s  a c t i v i t y  was predominantly  associated 
w i th  the non-competent f r a c t i o n  o f  the popu la t ion .  This was apparent ly  
due to  the f a c t  t h a t ,  al though both c e l l  types Introduced double strand 
sc iss ions  in to  the DNA, the non-competent c e l l s  a l te red  the DNA in some 
un ique  mariner such t h a t  I t  c o u ld  no lo n g e r  compete in t r a n s f o r m a t i o n .  
T h is  sugges ts  t h a t  a d e f i c i e n c y  in sen a c t i v i t y  would no t  r e s u l t  In 
lowered t ra ns fo rm a t io n  c a p a b i l i t y .  However, i t  might be Imagined th a t  
the same nuclease which is respons ib le  f o r  the b io lo g ic a l  I n a c t i v a t io n  
o f  DNA by non -co m pe ten t  ce l  I s ,  i s  m o d i f i e d ,  complexed,  o r  lo ca te d  In 
such a manner in c om pe te n t  c e l l s  t h a t  I t  no longer  r e s u l t s  in th e  
b io lo g ic a l  I n a c t i v a t io n  o f  DNA.
In summary, t h i s  s tu d y  was under taken  t o  I d e n t i f y  p r o t e i n  and 
enzymatic changes which accompany th e  deve lopm en t  o f  competence. We 
have s u c c e s s f u l l y  i d e n t i f i e d  t h i r t y - s i x  p o ly p e p t id e s  and 4 nuc leases  
which a re  inc reased  in p h y s i o l o g i c a l l y  com pe ten t  ce l  I c u l t u r e s  when 
compared t o  p h y s i o l o g i c a l l y  non -com pe ten t  ce l  I c u l t u r e s .  T r a n s f o r ­
m a t i o n - d e f i c i e n t  m u tan ts  which f a i l  t o  I n a c t i v a t e  exogenous DNA (18) 
were shown to  be d e f i c i e n t  in a 17,000 MW competence-associated nuclease
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and In 8-15 competence associated po lypept ides.  The combined ana lys is  
o f  t r a n s fo r m a t io n - d e f i c i e n t  mutants f o r  s p e c i f i c  nuclease d e f i c ie n c ie s  
and c o m p e te n c e -a s s o c ia te d  p o ly p e p t id e s  was useful In e s ta b l is h in g  the 
p le lo t r o p t c  e f f e c t  o f  the  sen mutation In these s t r a in s .  The nature of  
these mutations precludes the conclus ion t h a t  the 17,000 MW competence- 
associated nuclease Is essen t ia l  f o r  competence. The evidence presented 
I n d i c a t e s  t h a t  I t  Is p r o b a b ly  th e  same enzyme as has been d e te c te d  
e x t r a c e l l u l a r l y  In assoc ia t ion  w i th  e a r ly  sp o ru la t lo n  events (84). Our 
l a b o r a t o r y  Is  c u r r e n t l y  I s o l a t i n g  the e x t r a c e l l u l a r  enzyme to  con f i rm  
t h i s  re la t i o n s h ip .  The two per I pi asm!c competence-associated nucleases 
I d e n t i f i e d  by Mulder and Venema (20) are a lso  s i m i l a r  t o  the e x t r a c e l ­
l u l a r  enzyme In s ize  and ca t io n  a c t i v a t i o n  c h a r a c te r i s t i c s .  We have not 
observed competence-associated nuclease a c t i v i t y  w i th  the low molecular  
weights reported f o r  these nucleases. However, much less pe r lp lasm lc  
p ro te in  was examined In our un f rac t iona ted  lysates than In the study by 
Mulder and Venema. I t  w i l l  be necessary to  determine what r e la t i o n s h ip  
e x is t s  between these enzymes and 2DZ nuclease 2.
Three a d d i t io n a l  Mn^+-a c t l v a te d  competence a s s o c ia te d  nuc leases  
were I d e n t i f i e d  In t h i s  s tu d y  (2DZ nuc leases  6, 7 and 9). They appear 
to  be re la ted  t o  each o the r  but are d i s t i n c t  from 2DZ nuclease 2 In th a t  
they e x h ib i t  a modest preference f o r  denatured DNA and are not a f fec ted  
by the sen muta tion. The re la t i o n s h ip  o f  these nucleases to  copetence 
remains to  be es tab l ished.
T h i s  a p p ro a c h  has been a v a l u a b l e  one In s t u d y i n g  t h e  
d i f f e r e n t i a t i o n  o f  B. s u b t l I  Is t o  th e  com pe ten t  s t a t e .  I t  shou ld  be 
e q u a l l y  v a lu a b le  In exam in ing  spo ru I  a t  I o n -a s s o c Ia te d  even ts  and In 
determin ing the ex ten t  o f  the r e la t i o n s h ip  between these two pathways
(55). This method o f  ana lys is  may be r e a d i l y  extended to  the examina­
t i o n  o f  many e n z y m a t ic  a c t i v i t i e s  (Chapter  1, r e f  22-26) I n c lu d in g  
p ro tea ses  (Chapter  1, r e f  23 ,23) .  A com par ison  between bo th  p ro te a s e  
and nuclease changes associated w i th  competence development and s p o l i a ­
t i o n  would be useful in comparing the two pathways o f  d i f f e r e n t i a t i o n  
since the temporal Induct ion o f  both o f  these enzymatic a c t i v i t i e s  Is
wel l  documented in spo ru la t ion  (133).
Sporu la t ion  appears to  be c o n t r o l l e d ,  In pa r t ,  by the Induct ion of  
new s igma f a c t o r s  wh ich  m o d i f y  th e  a f f i n i t y  o f  RNA po lym erase  f o r
p a r t i c u l a r  p ro m o to r  s i t e s  (133).  I t  has no t  been d e te rm in e d  I f  th e
changes In s igma f a c t o r s  wh ich  have been a s s o c ia te d  w i t h  s p o r u l a t i o n  
d i r e c t  the  development o f  competence or  I f  any novel sigma fa c to rs  are 
Involved. This should be a very in te re s t in g  and e x c i t i n g  area o f  Inves­
t i g a t i o n .
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